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The hybrid electric drivetrain has significant ability to reduce fuel consumption and 
increase the efficiency. The application of this type of drivetrain has been investigated for 
different vehicle models. The hybridization of heavy duty vehicle and tractor and semi-
trailers is a recent challenge for the hybrid electric vehicle researchers. Almost 20% of 
the total US truck fuel is approximately consumed by tractor and semi-trailers which 
shows the bright potential of developing hybrid electric drivetrain in this sector.  
A new architecture of hybrid drivetrain for tractor and semi-trailers is investigated in this 
thesis. This architecture is designed to utilize maximum capability of hybrid electric 
tractor and semi-trailers to enhance the fuel efficiency as much as possible. This 
drivetrain architecture employs a self-propeller trailer so that the tractive effort is divided 
between the tractor and semi-trailer. The advantages of this configuration are: 
 1) Enabling the trailer to regenerate the braking energy as well as for the tractor,  
2) Improving the longitudinal dynamic behaviour of vehicle,  
3) Providing sufficient space for the battery pack, and 
4) Providing the potential of torque vectoring for the trailer to improve overall stability.  
 To study the proposed drivetrain architecture, a comprehensive model of the longitudinal 
dynamic of vehicle, including the drivetrain model, has been developed in SIMULINK® 
software. The components of the developed drivetrain model are the diesel engine, 
electric motor, batteries, automatic gear box, clutch and final drive unit. The model has 
been developed using the specifications of commercially available sub-components. 
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The braking energy analysis for different standard driving cycles has been conducted to 
demonstrate the capability of the proposed drivetrain in recapturing the braking energy 
and improving the efficiency of the drivetrain. 
The Power Management System (PMS) which controls the power flow in the system 
between different propulsion sources has been designed using the fuzzy logic control 
theory. The PMS ensures that the diesel engine, the tractor’s electric motor and the 
trailer’s electric motor being utilized in an efficient manner. The PMS consists of the 
braking controller together with the drivetrain controllers of the tractor and that of the 
trailer. 
The sizing of the drivetrain components has been optimized using multi-objective 
optimization theories. The objectives of the optimization have been the price of the 
drivetrain, fuel consumption and acceleration time which all are the function of the size 
of the drivetrain components. 
Finally, computer simulations have been conducted on different standard driving cycles 
in order to evaluate the efficiency and fuel consumption of the proposed hybrid drivetrain 
architecture. Results obtained demonstrate the advantage of proposed drivetrain in 
comparison with the non-hybrid and typical hybrid drivetrain for heavy duty vehicles.  In 
addition, economic analysis has been performed to demonstrate the capability of the 
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Chapter 1: Introduction 
1.1. PREAMBLE 
The hybrid drivetrain system demonstrated the great capability of improving fuel 
efficiency and decrease the environmental pollution of road vehicles. Much studies have 
been done to implement the hybrid drivetrain system for the small and medium sized 
vehicles as passenger cars and city busses. In the last decade, many different car 
manufacturers have included hybrid vehicles into their production lines, which shows the 
importance of this drivetrain in the future of automotive industry. 
Like passenger vehicles, hybridization in commercial vehicles has been considered for 
many different applications, such as pick-up trucks, delivery trucks and city busses. 
Medium duty vehicles have received much of attention in the past years and several 
studies have been done to reduce the air pollution and the fuel consumption in automotive 
sector. City busses and delivery trucks have the driving characteristic of frequent stops 
and starts, which would increase their fuel consumptions. Due to regenerative braking 
capability and more efficient structure of hybrid drivetrain, the hybridization of these type 
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of commercial vehicles provides a noteworthy reduction in fuel consumption. Unlike 
medium duty vehicles, the development of the hybrid drivetrain for heavy duty vehicles 
is not widely considered since customer demand and production number in this sector are 
less and therefore hybridization of the passenger cars and medium duty trucks are more 
developed. In addition, introduction of new air pollution regulations and recent 
improvements in high power electric motors leads to more interest in development of 
hybrid electric drivetrains for heavy duty vehicles. According to these facts, only few 
studies on hybridization of heavy trucks have been previously done on the cost and 
benefit of pollution reduction technologies. The large and growing number of on-
highway trucks has a major impact on fuel consumption and emissions production. 
In North America, there are three major vehicle segments based on the gross vehicle 
weight rating (GVWR): light segment GVWR from 4 to 9 metric tons, medium segment 
GVWR from 9 to 25 metric tons and heavy segment GVWR from 25 to 40 metric tons. 
About 70% of the heavy truck segment is tractor trailers and they comprise about 65% of 
fuel consumption of medium and heavy segment, due to high annual mileage and low 
fuel economy [1, 2]. Besides, heavy-duty trucks encompass 4% of on-road vehicles but 
20% of fuel consumption [2]. According to these facts, fuel efficiency improvement of 
heavy-duty vehicles is highly demanded and industrial companies have started many 
projects in this regard in the past few years. 
On the other hand, due to nature of the tractor and semi-trailer, their long combination 
and heavy weight, the longitudinal dynamics and lateral stability of these vehicles are 
relatively weak. The handling enhancement of the articulated vehicles has been 
investigated in many studies and many different technologies are developed such as the 
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active semi-trailer steering, the differential braking in the trailer and the active roll 
controller [3-7]. The active semi-trailer steering is a promising technology, which is 
considered to improve the dynamics behaviour of the tractor and semi-trailer combination 
[8-10]. In this technology, the trailer axle is steerable and its steer angle is actively 
controlled. Therefore, the maneuverability can be enhanced and off-tracking would be 
decreased. This technology can be implemented as an active safety system to control the 
lateral stability of the trailer and prevent from jackknife and roll over. 
In this thesis a novel configuration of hybrid drivetrain for articulated heavy duty truck 
has been investigated. This hybrid architecture is a series-parallel hybrid drivetrain which 
provides a share of the traction from the trailer axle. Therefore, the trailer would be self-
propelled and the traction effort is generated in the trailer by using electric motors. These 
electric motors are in series with the tractor drivetrain. 
1.2. HYBRID ELECTRIC VEHICLE 
The vehicle drivetrain is not only required to generate necessary power to meet the 
driving power demand, but also it has to carry sufficient energy on-board for a normal 
driving range. In addition, the vehicle drivetrain has to operate with well-efficiency and 
produce low pollution. Generally, the power of the vehicle maybe provided from more 
than one power source, such as a gasoline engine, diesel engine, electric motor with 
hydrogen–fuel cell or electric motor with chemical battery. This kind of vehicle, which 
has more than one power source, is called a hybrid vehicle. According to a definition, 
which is proposed by Technical Committee 69 of Electric Road Vehicles of the 
International Electro-technical Commission, a hybrid road vehicle is one in which the 
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propulsion power during specified operational missions is available from two or more 
kinds or types of power stores, sources, or converters, of which at least one store or 
converter must be on board [11]. The Hybrid Electric Vehicle (HEV) is a hybrid vehicle 
with an electrical power source. 
Generally, a HEV consists of an internal combustion engine (gasoline or diesel) and an 
electric motor with batteries or ultra-capacitor. Due to bidirectional nature of electric 
drivetrain, the HEV can recapture the braking energy of the braking and charge the 
batteries. Figure 1-1 shows the conceptual diagram of power flow in a hybrid electric 
vehicle. The HEV can supply the demanded power from two sources and there are 
different patterns to combine the power flow from these two power sources: 
1. ICE alone delivers power to the vehicle: Engine alone propelling mode; 
2. Electric motor alone delivers power to the vehicle: Pure electric propelling mode; 
3. ICE and electric motor simultaneously deliver power to the vehicle: Hybrid 
traction mode; 
4. Electric motor recaptures power from the vehicle: Regenerative braking; 
5. Electric motor obtains power from ICE: Battery recharging at standstill; 
6. Electric motor obtains power from both ICE and the vehicle at the same time: 
Battery recharging; 
7. ICE delivers power to both electric motor and to the vehicle at the same time: 
Battery recharging at engine propelling mode; 
8. ICE delivers power to electric motor, and electric motor delivers power to the 
vehicle: Battery recharging at pure electric propelling mode; and 
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9. ICE delivers power to the vehicle, and the vehicle delivers power to electric 
motor: This mode can be define for vehicle with individual traction on axles. 
1.3. HYBRID DRIVETRAIN ARCHITECTURES: 
The power sources of the HEV can be combined in many different configurations, which 
is called the architecture of drivetrain. The architecture defines the power flow 
possibilities in the drivetrain and control strategies. Generally, there are two main 
architectures for HEV, being series and the parallel. In the series architecture the electric 
motor is in series with the ICE. However, parallel architecture is the one that the electric 
motor is in parallel to the ICE. There are two other architectures, which have been 
branched from the main ones, the series-parallel and complex architectures. Figure 1-2 
depicts the schematic diagram of these four architectures. 
 
 




Figure 1-2: Schematic diagram of HEV architectures a) series b) parallel c) series-parallel d) complex [12] 
1.3.1. Series Hybrid Drivetrain Architecture: 
A series hybrid drivetrain has two power sources which are connected in series. These 
two power sources supply power to one power plant, electric motor or hydraulic motor, to 
drive the vehicle. In other words, in the series hybrid drivetrain one of the power sources, 
ICE, is not directly delivering power to the driven wheels. Figure 1-3 depicts the 
schematic energy flow diagram of the series HEV drivetrain. In series HEV, the fuel tank 
is unidirectional energy source and the battery pack is bidirectional energy source. The 
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traction motor can operate either as a motor in forward motion or as a generator in 
reverse motion. The series hybrid drivetrain has the following advantages [12]: 
1. The engine is mechanically decoupled from the driven wheels. Therefore, 
regardless of power demand from the driver, the ICE can be operated at any point 
on its speed–torque characteristic map, especially where it has its maximum 
efficiency. 
2. Due to the superior torque–speed characteristics of electric motors, they can be 
utilized without the multi-gear transmissions. As a result, the drivetrain is greatly 
simplified and the cost is much reduced. In addition, in the series HEV two 
individual motors may be used as the power plants, each powering a single wheel. 
This configuration does not need the differential and the two motors can be 
controlled in order to act as a limited slip differential. Furthermore, this 
configuration provides the torque vectoring capabilities and improves the lateral 
handling behaviour of vehicle. 
3. Due to the mechanical decoupling of ICE from the driven wheels, the control 
strategies of this drivetrain are technically quite simple. 
The disadvantages of this drivetrain can be listed as: 
1. The energy losses may be significant since the energy from the engine to the 
driven wheels has to be converted twice. Therefore, the inefficiencies of the 
generator and the traction motor will add up and decrease the overall efficiency of 
the drivetrain. 
2. The generator adds an additional weight and cost. 
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3. Since the traction motor is the only power plant which propels the vehicle, it must 
be sized to meet the maximum requirements of the power demand. Therefore, the 
size of traction motor would be greater than the parallel hybrid drivetrain and it 
hence, costs more. 
 
 
Figure 1-3: Schematic energy flow diagram of series electrical hybrid power train 
1.3.2. Parallel Hybrid Drivetrain Architecture: 
In a parallel hybrid drivetrain, both energy sources would directly deliver the power via 
two individual power plants. The energy sources are parallel and the generated power of 
these two sources is combined through either torque coupling or the speed coupling 
system. In a parallel HEV, the ICE and the electric motor are arranged in parallel; the 
ICE supplies its power mechanically to the driven wheels similar to a conventional 
vehicle. The Figure 1-4 shows the schematic energy flow diagram of the parallel HEV 
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drivetrain. The electric motor is mechanically coupled to the transmission which assists 
the ICE. There exist different possible configurations in a parallel drivetrain: 
1. Torque coupling configuration: Here, the torques of engine and elector motor are 
delivered to the driven wheels by a torque coupling system. The torque coupling 
either adds together the torques of the engine and electric motor or splits the 
engine torque into either propelling the vehicle or charging the battery. 
2. Speed coupling configuration: In this case, the power of two power sources are 
combined by a speed coupling, and the driven wheel speed is a linear summation 
of the ICE engine’s and electric motor’s speed. Example of two typical speed 
coupling systems are the planetary gear and the electric motor with floating stator. 
3. Speed and torque coupling configuration: This is called the series-parallel hybrid 
drivetrain which is fully explained later. 
4. Separate axle torque configuration: In this case a kind of all-wheel drive 
drivetrain is introduced. The ICE delivers its power to one of the axles and the 
electric motor delivers its power to the other axles. 
The configuration of parallel hybrid drivetrain allows both the ICE and the electric 
traction motor to supply their mechanical power directly to the driven wheels in parallel. 
It is the main advantage of this type of drivetrain in comparison with the series hybrid 
drivetrain. In addition, other advantages of the parallel configuration over a series 
configuration are [12]:  
1. Generator is not necessarily required: The electric motor has two functions, first 
acting as a traction motor for acceleration and second acting as a generator in 
regenerative braking or taking the extra power of ICE to charge the batteries. 
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2. The traction motor is smaller: The size of the electric motor is relatively small 
since the traction effort is provided by both the ICE and the electric motor. 
3. Direct power transferring: The ICE directly delivers its power to the driven 
wheels and the multi conversion of the power is not necessary. Therefore, the 
overall efficiency of this drivetrain can be higher than the series hybrid drivetrain. 
 
 
Figure 1-4: Schematic energy flow diagram of parallel electrical hybrid power train 
On the other hand the parallel hybrid drivetrain has some disadvantages in comparison 
with the series hybrid drivetrain. Since the two power plants are directly connected to the 
driven wheels and in turn transfer their power, the control strategies of this drivetrain are 
more complex and challenging. Besides, in order to combine the power of these two 
power plants, either a torque or speed coupling unit is required which can increase the 
cost of the drivetrain and also would decrease its mechanical redundancy. 
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1.3.3. Series-Parallel Hybrid Drivetrain: 
The series-parallel hybrid drivetrain is an advanced hybrid drivetrain. This drivetrain is a 
composition of the series and parallel hybrid drivetrain which has the benefits of both 
drivetrains. Figure 1-5 shows the schematic energy flow diagram of this drivetrain. 
This hybrid drivetrain consists of the ICE, an electric motor and a generator with two 
torque/speed coupling unit. This configuration is a high efficiency drivetrain since it 
provides the possibility of working in either the series mode, parallel mode or the 
combined mode. As a remarkable example, the drivetrain of Toyota Prius is a series-
parallel hybrid drivetrain having both the torque coupling and speed coupling units. This 
car is sold more than 3 million worldwide in the last decade [13, 14]. 
 
 
Figure 1-5: Schematic energy flow diagram of series-parallel electrical hybrid power train 
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1.4. CONTROL STRATEGIES FOR HYBRID DRIVETRAIN: 
A control strategy is known as the law that controls and commands the operation of 
drivetrain components. The vehicle controller determines the operation modes of the 
drivetrain based on the receiving commands from the driver and the feedback signal from 
the drivetrain and all other components. There are a number of control strategies for the 
hybrid drivetrain and, as examples, two typical control strategies are introduced in this 
chapter to discuss fully:  
1. Maximum state-of-charge of energy storage unit (Max. SOC); 
2. Engine turn-on and turn-off control strategies (engine-on–off).  
1.4.1. Maximum State-of-Charge of Energy Storage Unit Strategy 
This control strategy attempts to maintain the state-of-charge (SOC) of energy storage 
unit (ESU) in a reasonable range while it will meet the driver power demand.  In this 
control strategy the drivetrain is heavily dependent on the energy of the ESU and is a 
suitable strategy for those vehicles with frequent stop and start similar to city buses or 
delivery trucks. The controller would guarantee the high performance of vehicles by 
maintaining the SOC at a high level. This controller strategy can be applied for both the 
series and parallel drivetrains. However, in the parallel drivetrain the engine is directly 
connected to the driven wheels, and hence, one more operation mode which is engine 
alone traction is needed. Figure 1-6 illustrates the flow chart of this control strategy for a 
series hybrid drivetrain and the flow chart for a parallel hybrid drivetrain system is shown 





Figure 1-6: Flow Chart of MAX-SOC strategy for Series Hybrid Drivetrain [12] 
This control strategy has some disadvantages, for instance in driving with constant speed 
for a long time, similar to highway driving, the ESU will be fully charged and then the 
controller would force the engine to operate in an inefficient region and therefore, the 






Figure 1-7: Flow Chart of MAX-SOC strategy for Parallel Hybrid Drivetrain [12] 
1.4.1. Engine Turn-on and Turn-off Strategy 
This control strategy is also called the “thermostatic control strategy” which operates 
based on the state-of-charge of the ESU. It will turn off the engine whenever the SOC 
reaches to a pre-set top level line and alternatively, turns off the engine whenever the 
SOC is on top of the pre-set bottom level line. This control strategy guarantees that the 
engine always operates within its optimal efficiency region and can be considered for 
both the series and parallel HEV drivetrains. 
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1.5. VEHICLE AND TRUCK CLASSIFICATION 
There are different vehicle and truck classification methods available which have been 
considered for different purposes.  In this research, the FHWA 13- category scheme has 
been selected as defined by the US Federal Highway Administration (FHWA) which 
consists of 13 bins. This classification is also called FHWA scheme F, which is 
developed by the Department of Transportation of the state of Maine for the classification 
of vehicles [15]. The FHWA 13-category scheme is divided into categories depending on 
whether the vehicle carries only passengers or commodities. Non-passenger vehicles are 
further subdivided by the number of axles and the number of units, including both the 
power and trailer units [16]. The detail classification of these vehicles is described in 




Figure 1-8: FHWA 13-Category Scheme for Vehicle Classifications [16]
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Definition Additional Identifiers 
Passenger 
carriers 
1 Motorcycles 2 axles, 2 or 3 wheels. 
Also motor scooters, mopeds, and 
3-wheel motorcycles. 
2 Passenger cars 
2 axles. Can have 1- or 2-
axle trailers. 
Short-bed pickup (5-6’), no 





2-axle, 4-tire single units. 
Can have 1- or 2-axle 
trailers. 
 
Long-bed pickup (8’), no extended 
cab; short-bed and long-bed pickups 
with extended cab or 4 doors; 
conversion van; full-size work van; 
limousine - regular; short-bed 
dually. 
4 Buses 2- or 3-axle, full length. 
School; transit; private; 
commercial. Does not include 




5 Single-unit trucks 
2-axle, 6-tire, (dual rear 
tires), single-unit trucks. 
Approx. 21’ steering to rear axles; 
8’ bed dually with 4 full doors; 
dump or sewage truck (with or 
without 2-axle trailer); compact 
school bus or 4 full doors; extended 
limousines. 
6 Single-unit trucks 3-axle, single-unit trucks. 
Dump truck; single tractor with 3 
axles and no trailer; oil field 
equipment. 
7 Single-unit trucks 
4 or more axle, single-unit 
trucks. 
4 or more axle trucks on a single 
frame. 
8 Single-trailer trucks 
3- or 4-axle, single-trailer 
trucks. 
2-axle truck/tractor pulling single 1-
axle trailer; 2-axle pulling single 2-
axle trailer; 3-axle pulling single 1-
axle trailer. 
9 Single-trailer trucks 5-axle, single-trailer trucks. 
3-axle truck/tractor pulling single 2-
axle trailer (18-wheeler); 2-axle 
pulling single 3-axle trailer; dump 
truck pulling 2-axle trailer. 
10 Single-trailer trucks 
6 or more axle, single-trailer 
trucks. 
3-axle truck/tractor with single 3 or 
more axle trailer. 
11 Multi-trailer trucks 
5 or less axle, multi-trailer 
trucks. 
2-axle truck/tractor with 2 trailers, 
the first trailer with 1 axle, the 
second trailer with 2 axles. 
12 Multi-trailer trucks 6-axle, multi-trailer trucks. 
2-3 axle truck/tractor with 2 trailers, 
the first trailer with 1-2 axles, the 
second trailer with 2 axles. 
13 Multi-trailer trucks 
7 or more axle, multi-trailer 
trucks. 




1.6. MOTIVATION AND OBJECTIVES 
The hybrid electric drivetrain has significant capabilities to improve the fuel efficiency of 
the vehicle and decrease the ICE emission. This noteworthy issues makes the hybrid 
electric drivetrain an interesting research area for both universities and industry. As will 
be seen in Chapter 2, there are large numbers of published studies on this topic. The 
application of the hybrid drivetrain for the classes of 2 to 7 vehicles, such as the 
passenger cars, city busses, medium duty and single unit heavy duty vehicles have been 
fully investigated. The ongoing researches in this category are more likely concentrated 
on the optimization of power management strategies and control strategies. 
The application of hybrid drivetrain for the articulated heavy duty trucks have been 
considered in the recent years but few studies have been published in this area. These 
preliminary researches demonstrated the effectiveness of hybrid electric drivetrain in 
decreasing the fuel consumption of heavy duty vehicles. The manufacturers are highly 
interested in utilizing this technology and they have commenced some research to 
develop a hybrid electric drivetrain for heavy duty applications. Since the tractor and 
semi-trailers in Class 8 and higher classes are consuming a remarkable amount of the 
total consumed fuel in transportation sector, a slight improvement in fuel efficiency of the 
heavy duty trucks can make significant changes. As mentioned, the governments are also 
interested and sponsored the researches for the fuel efficiency of heavy duty vehicles. 
In this thesis, a novel hybrid electric drivetrain configuration is proposed for Class 8 
tractor and semi-trailers. This configuration is designed to employ all the capabilities of 
the vehicle to improve the fuel efficiency as well as the longitudinal handling and lateral 
stabilities. This new configuration consists of two separate drivetrains which are in 
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parallel, the tractor drivetrain and the trailer drivetrain. In fact, in this drivetrain 
configuration, an electric drivetrain is implemented in the trailer which is in parallel with 
the tractor hybrid drivetrain. Therefore the trailer is providing a share of the total traction 
effort of the vehicle. 
The drivetrain of the tractor consists of a diesel internal combustion engine, which is 
parallel with an electric motor. The generated torque by the ICE and tractor electric motor 
is transferred to the tractor rear axle via the multi gear transmission and the final drive 
unit. The trailer drivetrain consists of an electric motor which transfers the torque to the 
trailer driven axle via the trailer final drive unit. These two drivetrains are parallel and the 
central control unit manages distribution of the power between the tractor and semi-
trailer. This drivetrain configuration with a self-propeller trailer has the following 
advantages: 
1. Providing more regenerative braking capability: This configuration enables the 
tractor-trailer to regenerate the braking energy of the trailer as well as the tractor. 
2. Improves the longitudinal dynamic of the vehicle:  In this drivetrain the number of 
the driven axles is increased which would increase the traction force and the 
longitudinal handling of the vehicle. 
3. Provides more space for the battery pack: In this configuration the battery can be 
placed in the trailer, which provides more space and better weight distribution. 
4. Enhances the lateral stability of the trailer: Technically, providing the traction 
effort in the trailer would improve the stability of the trailer especially in the low 
friction roads like ice-covered roads. In addition, by using an individual electric 
20 
 
motor for the trailer wheels, in-wheel motors, the trailer can employ the torque 
vectoring capability which is an active safety system. 
Moreover, there are several possible arrangements for the tractor drivetrain components 
and the trailer components. As an example, the trailer can be provided with either a single 
gear or multi gear transmission and the tractor drivetrain can consist of either mild hybrid 
or full hybrid parallel drivetrains. Figure 1-9 depicts the proposed drivetrain for the 
tractor and semi-trailer with a single axle trailer. The tractor drivetrain is a mild parallel 
hybrid drivetrain with the multi gear automatic transmission and the trailer drivetrain 
consists of electric motor which is directly connected to the final drive unit. The trailer 
traction motor power can be transferred to either one axle or both axles. 
 
 
Figure 1-9: the tractor/trailer hybrid drivetrain configuration 
This thesis consists of four main objectives described as: 
1. Design and modeling of the hybrid drivetrain; 
2. Design of the controller and power management strategy; 
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3. Optimize the drivetrain component sizing; and 
4. Evaluate the proposed system by using computer simulation 
More details on each one of the above objectives are provided below. 
1. Design and modeling of the drivetrain, which involves the following tasks: 
a. Derive the mathematical model of each component of the system and also 
the mathematical model of the drivetrain. The model of each components 
such as diesel engine, electric motor, torque coupling and the transmission 
were developed and these equations were used to develop the computer 
model of the system. 
b. Preliminary component sizing based on the rough design calculations. 
According to the performance requirement of a typical tractor and semi-
trailer and also commercially available drivetrain components, the 
preliminary design of the system components was performed.  
c. Develop the drivetrain model in the computer modeling software. In this 
thesis, the commercially available software SIMULINK® which is 
marketed by MathWorks Inc has been used. This software is a proper tool 
to develop detailed modeling of the complex dynamical systems. 
2. Design of the controller and power management strategy involves: 
a. Design the controller of the tractor drivetrain. 
b. Design the controller of the trailer drivetrain. 
c. Design the required torque estimator of the vehicle drivetrains. 
d. Design the transmission unit controller. 
e. Design the controller of the braking system. 
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f. Utilize the developed controllers in the computer vehicle model. 
g. The main goal of the power management system of this drivetrain is to 
maximize the fuel efficiency by using the maximum regenerative braking 
capacity of the drivetrain, while the economic matter and cost of the 
system is considered. 
h. According to the cited literature and the analysis of the published results, 
the fuzzy logic theory is selected to develop the controller. 
3. Optimization of the system would involve the following goals: 
a. The initially designed size of system components such as the diesel engine 
and electric motors were optimized. This optimization was performed by 
using a developed vehicle model. 
b. In this thesis, a genetic algorithm will be used. 
4. Evaluating the designed and optimized drivetrain consists of: 
a. The fuel consumption of the vehicle for some standard heavy duty driving 
cycles was calculated by computer simulation. 








Chapter 2: Literature Review 
2.1. PREAMBLE 
A comprehensive review on the advances in hybrid electric vehicle especially the heavy 
duty hybrid electric vehicles is presented in this chapter. The number of published studies 
on the hybrid electric vehicle is remarkable which indicates the importance of this 
technology in the future of transportation. In these published studies, different aspects of 
the hybrid drivetrain technology such as design of controller and optimization of 
component sizing, have been studied. The results and approaches of those studies can 
also be implemented for the hybridization of heavy duty hybrid electric vehicles as it will 
be shown in this research. Based on the objectives of this thesis, four aspects in hybrid 
electric vehicle design have been reviewed in the open literatures. 
2.2. HYBRID ELECTRIC VEHICLE DESIGN: 
The studying of hybrid electric vehicles has been begun in the 60’s decade. Agarwal et al. 
[17] studied and experimented a hybrid electric drivetrain for small size cars. In this 
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study, series drivetrain was used and a small Stirling heat engine is used as the 
unidirectional power source which drives an alternator and supplies energy to the 
batteries. The drivetrain consists of a variable-speed AC electric motor to drive the rear 
wheels through transmission and the differential gear.  
In the next decades the hybrid electric vehicle has been matter of interest in many studies. 
Burke [18] investigated the developments in the hybrid electric vehicle technologies from 
1975 to 1995. Due to these studies the significant capabilities of hybrid drivetrain to 
reduce the fuel consumption have been well-presented. According to this fact and the 
matter of the global warming and fossil fuel emission, the studies and utilizing of the 
hybrid electric vehicle have been vastly increased from 90’s till nowadays. Burke [19] 
studied the various aspects of the design and evaluation of HEV. He emphasised utilizing 
of advanced electric drivetrain components using ultra-capacitors. The results of this 
study indicated that series HEV can provide the same performance in comparison to 
parallel HEV with a comparable drivetrain weight and volume. The performed simulation 
for series HEV on some driving cycles indicated 25-50% increase in fuel economy in 
comparison to conventional ICE vehicles at that time. Bailey and Powell [20] studied 
dynamic modelling of the HEV drivetrain. They derived the mathematical equation for 
components of the drivetrain for an electric vehicle (EV) and a hybrid electric vehicle 
(HEV). Based on these equations, the dynamic model of the drivetrain has been generated 
using computer software and then computer simulations have been performed. Rahman 
and Ehsani [21] analyzed the performance of the commonly used electric motor drives for 
HEV applications. They found that induction electric motors can be the best suited option 
for HEV application. Also, they found that the permanent magnet brush less DC motor 
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are capable of high speed application and are competitive with the induction motor. 
Alternatively, despite their insignificant power factor of operation of Switched 
Reluctance Motors (SRM), they might be considered as a superior option to both of these 
motors, both in size and cost. Nadal and Barbir [22] investigated design of a of zero-
emission fuel cell HEV prototype.  By performing computer simulation, they proved that 
this configuration is able to successfully eliminate the emission. Ehsani et al. [23] 
developed the system design philosophies of EV and HEV propulsion systems. They 
revealed that if the vehicle drivetrain operates mostly in the constant power region, the 
vehicles’ operational constraints can meet the minimum power rating demand. Baumann 
et al. [24] investigated design of HEV by using a novel mechatronics-based technique for 
initial sizing of the drivetrain components. They defined a new terminology which is 
called degree of hybridization (DOH). The DOH is a mechatronics based term for 
classifying HEV’s and it is a number between 0–1 and represents the ratio of the 
maximum power output from ICE and electric motor. 
According to the referred studies, the design strategies and analysis of stand-alone hybrid 
electric drivetrain were mostly accomplished at the beginning of the 21st century and the 
new challenge in design of hybrid drivetrains was design of Plug-in Hybrid Electric 
Vehicle (PHEV). There are many studies on the analyzing and enhancing infrastructures 
and distribution grids for PHEV application. Here some of the studies on PHEV 
drivetrain design are reviewed.  
Mapelli et al. [25] studied on the modeling, realizing and loss reduction of PHEV. They 
developed an energetic model of PHEV to analyze and optimize the power flux between 
the system components and they validated this model by using an experimental PHEV 
26 
 
prototype. Gao and Ehsani [26] investigated the systematic design process and control 
methodology of PHEV with focus on battery energy and power capacity design. By using 
computer simulation for an example passenger car they indicated that by using electric 
energy, significant amount of fuel can be displaced in typical urban driving. 
2.3. CONTROL STRATEGIES IN HYBRID ELECTRIC VEHICLES: 
As stated before the hybrid drivetrain simultaneously utilizes two energy sources to drive 
the vehicle, therefore the synchronising and controlling of these two energy sources is a 
crucial matter. All the hybrid drivetrain consist of a controller unit and a large number of 
researches have been done on the control strategies and power management of this unit.  
Figure 2-1 shows the classification of the control strategies for PHEVs and HEVs [27, 
28]. Moreover, this figure demonstrates orientation of the performance improvement, 
portability reduction, increasing computational burden, increasing calibration requirement 
and formulation [29, 30]. According to the indicated orientations, in order to enhancing 
accuracy, increasing energy efficiency, decreasing emissions and reducing fuel 
consumption the portability has to be decreased, computational complexity has to be 
increased and more calibration and formulation would be required [28]. This section 
reviews the studies on the design of control system for HEV which have been done in the 
21st century. 
Schouten et al. [31] investigated the fuzzy logic controller for parallel hybrid vehicle. The 
optimization of the operational efficiency of all components is the underlying theme of 
the proposed fuzzy rules. The performance of the control system was evaluated by using 
computer simulations and results showed potential improvement of the ICE efficiency by 
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using fuzzy logic, over other control strategies. Mohebbi et al. [32] investigated Optimal 
Neuro-Fuzzy control strategy for parallel HEV. This control strategy is an optimal fuzzy 
controller which maximizes the traction effort of vehicle while minimizing the ICE fuel 
consumption. The control strategy has been implemented by using the Adaptive Neuro-
Fuzzy Inference Systems (ANFIS) method and it has been designed based on the batteries 
state-of-charge (SOC) and the desired the torque for driving. The proposed control 
system was assessed using computer simulations and showed promising result in 
comparison with two other different control strategies. 
 
 
Figure 2-1: Classification of HEV and PHEV control strategies [27] 
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Syed et al. [33] studied the rule-based fuzzy gain-scheduling PI controller to improve the 
HEV performance. In this study, the formulation of minimal fuzzy rule to achieve the 
desired performance criterion is described and the designed controlled is experimentally 
evaluated on a test vehicle. The results of the experiments clearly demonstrate the 
capability of proposed control system to improve the engine speed and power behaviour 
of the ICE. Poursamad and Montazeri [34] investigated the Genetic-Fuzzy control 
strategy for a parallel HEV. The Genetic-Fuzzy control strategy is a fuzzy logic controller 
that is tuned by genetic algorithm in order to minimize fuel consumption and enhancing 
the driving performance characteristics of the vehicle. The computer simulations 
demonstrate the effectiveness of this modified fuzzy controller in increasing fuel 
efficiency and decreasing emissions without altering the vehicle performance. Erdinc et 
al. [35] studied a wavelet-fuzzy logic based controller for power management system. 
This study concentrated on a fuel cell HEV and equipped with two secondary energy 
storage devices: battery and ultra-capacitor (UC). The wavelet transform has great means 
to analyze signals with rapid changes like the power demand of HEV. The promising 
computer simulation results demonstrate viability of the proposed energy management 
technique. Eren et al. [36] investigated the design of supervisory control for a fuel cell 
HEV with UC by using fuzzy logic controller. The power management strategy of this 
system is based on securing the power balance in hybrid structure, improving the fuel cell 
performance and minimizing the power losses. The results of study demonstrated the 
effectiveness of the fuzzy logic based energy management strategy to control the fuel cell 
to function in a high-efficiency region and the controller can maintain the UC state-of-
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charge while satisfying the drive ability. Besides, the proposed control strategy enhanced 
the transient response and showed better rejection capability of external disturbances. 
Lin et al. [37] designed a stochastic controller for HEV. In this study, a stochastic vision 
was utilized to investigate the power management problem of HEV and an infinite-
horizon stochastic dynamic optimization problem was defined. By using stochastic 
dynamic programming and the optimal control strategy the controller law was obtained in 
the form of a full-state feed-back law which can be directly implemented to the controller 
unit. Moura et al. [30] investigated a stochastic optimal control approach for power 
management of PHEV. This study utilized stochastic dynamic programming to optimize 
PHEV power management over different driving cycles. In addition it systematically 
studied the potential advantage of controlled charge depletion over aggressive charge 
depletion followed by charge sustenance.  
Sciarretta et al. [38] investigated the application of optimal control theory in control of 
parallel HEV. The proposed controller developed a full optimal control which relied on 
the current system operation and it was independent from the future driving conditions. 
The cost function of the optimal controller included the fuel energy and the electrical 
energy and the state of component such as SOC which should be minimized. Simulation 
results demonstrated that the proposed control has an effective performance to reduce the 
fuel economy and moderate the deviations of SOC at a low level. Moreno et al. [39] 
developed and tested an efficient energy-management system for parallel HEV by using 
neural networks (NNs) and optimal control theory. The results indicated the fuel 
efficiency improvement of almost 5% from the original strategy of the hybrid drivetrain 
controller and the city driving test showed 3.3% improvement in energy efficiency in 
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km/kWh. Antoniou and Emadi [40] proposed a new control strategy based on stochastic 
dynamic programming by using predictive algorithm to adopt it for real time applications. 
The proposed energy management strategy was simulated using the Powertrain System 
Analysis Toolkit (PSAT) software. The results showed that proposed control strategy 
achieved almost 10% increase in fuel efficiency than rule based controllers after it had 
sufficient information about the driving cycle and the driver. 
Overington and Rajakaruna [27] reviewed most of the control theories which have been 
used to perform the energy management of HEV. The published result of optimization 
based blended type identified in Figure 2-1 are analysed and ranked in terms of 
increasing portability, the level of required prior knowledge, decreasing computational 
burden and improving the accuracy. The control strategies have been selected as being 
represented in one or more articles with significant analysis and results presented. These 
controllers are listed in Table 2-1. The contribution in fuel consumption reduction was 
ranked by defining the ‘Average fc Improvement’ segments which is: 
</=>?@=		AB>C/A=D = >CFG(60 × B) (2.1) 
 
where p is the average percentage improvement to fuel consumption as calculated in 
literature. 
According to Figure 2-2.a, the online optimization controller, optimal predictive 
controller and Adaptive Equivalent Consumption Minimization Strategy (A-ECMS) 
controller have the highest Average fc consumption ranking score. Moreover according 
to Figure 2-2.b - Figure 2-2.d the selected control strategies have varying scores for the 
selected attributes.  
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Table 2-1: Control Strategies for Comparison [27] 
Control Strategy Number Control Strategy Number 
Control theory approach 1 Finite State Machine 7 
Dynamic Programming (DP) 2 Linear Programing 8 
Stochastic DP 3 Genetic Algorithm 9 
Equivalent Consumption Minimization 
Strategy (ECMS) 
4 Optimal Predictive Control 10 
Adaptive ECMS (A-ECMS) 5 Online Optimization Control 11 




Figure 2-2: Breakdown of ranking scores assigned to the control strategies identified in Table 2-1. a) Total 
ranking score and equivalent contribution from each attribute for each control strategy, b) Accuracy, c) 
Computational complexity, d) a priori knowledge requirement, and e) Portability [27]. 
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2.4. OPTIMIZATION OF HYBRID ELECTRIC VEHICLES: 
The optimization of hybrid electric vehicle is another research interest in this filed which 
has been considered from 70’s. The optimization of HEV can be divided in two main 
categories: 
1. Optimization of the drivetrain sizing: The studies in this categories attempt to 
optimize size of the drivetrain components such as the ICE, the electric motor and 
the battery pack, as well as optimizing the system efficiency by analyzing the 
effect of different mechanical and electrical components. 
2. Optimization of the control strategies: The studies in this category attempt to 
optimize the control strategy and energy management system of the pre-designed 
HEV. 
The studies on the first category are relatively fewer than the second category. Kim et al. 
[41] investigated the design of an optimal HEV by using continuous variable 
transmission (CVT). The proposed method maximized overall system efficiency while 
meeting desired performances. In order to define the optimal operation of the vehicle the 
hybrid optimal operation line was defined and the control of the system was designed 
according to the CVT gear ratio, the motor torque, the engine throttle and SOC. The 
validity of the proposed system was proved using computer simulation. Kim and Peng 
[42] studied on the optimization and power management of fuel cell HEV. They 
formulated a combined power management/component size design optimization problem 
to optimize the hybrid vehicle performance. In order to reduce computational process of 
optimization, a near-optimal pseudo stochastic dynamic programming controller was 
used. Moreover, they predicted the effect of sizing parameters on the system efficiency 
33 
 
characteristics using subsystem-scaling models. Kim et al. [43] studied on the 
optimization of engine size for a fuel cell/battery hybrid mini-bus by using fuzzy logic. In 
this study a simulator was developed, which includes the several models for the battery, 
the fuel cell, and the major balance of the hybrid drivetrain. This simulator was used to 
determine the optimal size of the engine.  Patil et al. [44] proposed a framework to 
optimized design of a series HEV and studied the impact of using real-world driving 
inputs on final design. The optimization process had two steps: First the optimal battery 
and motor sizes has to be determined for achieving an efficient desired All Electric Range 
(AER). Then by considering fuel economy in the charge sustaining (CS) mode the 
optimal engine size is obtained. Wu et al. [45] investigated the component sizing 
optimization of PHEV by using parallel chaos optimization algorithm. In this approach, 
the objective function was defined based on minimizing the drivetrain cost while the 
driving performance requirements were considered as the design constraints. This 
optimization approach was applied over two different battery types and three different 
AER. The effectiveness of the optimization process was evaluated using computer 
simulation which showed the reduction in drivetrain cost while ensuring the vehicle 
performance. 
The second category in optimization of HEV is optimising the control strategies which is 
more considered in the open literatures. The main control techniques for controlling 
hybrid vehicles are classified as shown in Figure 2-3 [46]. Generally, rule-based control 
strategies are able to individually optimize the performance of each component of 
drivetrain. The local optimization methods are not able to find the global minimum and 
perform the overall optimization of the HEV which is the major disadvantage of this 
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method. There are two criteria to global control strategies: 1) optimization based on 
historical data and 2) optimization based on real-time data [28]. The optimization method 
for optimization-based control system of a HEV can be classified as shown in Figure 2-4. 
 
 
Figure 2-3: Classification of the hybrid drivetrain control strategies [46] 
 
 
Figure 2-4: Optimization methods for control strategies of HEV [45] 
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Brahma et al. [47] investigated optimal energy management system for a series HEV. In 
this study, the optimal power split between both sources of energy was determined by 
using dynamic programming solution. A realistic cost calculation has been performed for 
all considered power trajectories for the electric machines, the generator and battery 
efficiencies. Montazeri-Gh et al. [48] studied on the application of Genetic Algorithm 
(GA) to optimize the control strategy of parallel HEV. In this study, to minimize the ICE 
fuel consumption and emissions, a fitness function was defined based on an electric assist 
control strategy. The driving performance requirements were considered as constraints of 
the system. The optimization process was performed over three different driving cycles 
and the computer simulations indicated that the ICE fuel consumption and emission were 
reduced while the vehicle performances were satisfied. Pérez et al. [49] investigated 
application of dynamic programing in optimization of power management of HEV. In 
this study, the optimal power management derived the power split between ICE and 
electric motor such that fuel consumption was minimized, while it maintained the defined 
velocity of driving cycle. In addition, bounds on the power flowed from both energy 
sources and maintaining SOC were considered. Kim et al. [50] utilized Pontryagin’s 
minimum principle to design optimal controller for HEV. The Pontryagin’s minimum 
principle was suggested as a viable real-time strategy and it was approved that under 
reasonable assumptions the control strategy based on this principle can be a global 
optimal solution.  The optimal control based on Pontryagin’s minimum principle was 
simply applicable and it can be implemented in real-time applications since it was based 
on instantaneous optimization. 
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2.5. HEAVY DUTY HYBRID ELECTRIC VEHICLE: 
The hybrid electric drivetrain has good potential to reduce the fuel consumption and it 
can be utilized for a wide range of transportation sectors such as personal cars and public 
transportation. The application of the hybrid drivetrain was initially considered for 
personal cars, and by beginning of 21st century some studies demonstrate the capability of 
this drivetrain to improve the fuel efficiency of medium duty vehicles and city busses. 
Regarding to the vast number of transportation done by the busses and medium truck, the 
fuel cost is a vital matter for transportation companies. Therefore, manufacturers quickly 
utilized this technology in their productions and nowadays the hybrid busses and hybrid 
medium truck are widely used by transportation companies. 
Consequently, the application of hybrid drivetrain for heavy duty vehicles was considered 
in last years of 2000’s and some studies have been performed that demonstrated the fuel 
efficiency improvement in hybrid heavy duty vehicles. In this regard many industrial 
projects have been defined and some noteworthy governmental grants are established to 
utilize this technology for heavy duty vehicles. One of the main governmental grant to 
improve the efficiency of heavy duty trucks is the Super Truck Program which is 
supported by U.S. Department of Energy (DOE) [51]. In 2010, the DOE’s Vehicle 
Technologies Program initiated the Super Truck Program, a DOE-funded industry cost-
shared project. The goal of the five-year program is to design a heavy-duty Class 8 truck 
which demonstrates a 50% improvement in overall fuel efficiency measured in ton-miles 
per gallon. To ensure there is total vehicle improvement, 30% of the efficiency must 
come from the improvement in the aerodynamics and mass of the tractor and semi-trailer, 
while the other 20% should come from the engine. In January 2010 the DOE awarded 
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three cost-shared projects to Cummins Inc., Navistar Inc. and Daimler Trucks North 
America LLC. Volvo Group joined the Super Truck program in June 2011 [52].  
As some examples of the initial studies on hybrid medium/heavy duty vehicles, Rahman 
et al. [53] studied the application of series HEV drivetrain for heavy duty transit bus by 
sing V-ELPH simulation software which was developed in Texas A&M university. The 
results demonstrated that the proposed drivetrain was able to meet all the performance 
requirements and decreased fuel consumption and lowered the emissions. An et al. [54] 
analyzed the different scenarios to control hybrid class 3-7 heavy vehicles. Since in that 
time, the effects of hybridization on heavy duty vehicles were not well understood, this 
study attempted to quantify the capability of hybrid drivetrain to decrease the energy 
consumption of commercial Class 3-7 heavy vehicles, and analyzed different hybrid 
configuration scenarios. In addition, regarding to economic matters, this study 
investigated the investment cost for a hybrid commercial vehicle and payback time of this 
investment. The results showed that investment payback time depends on the specific 
type and application of the commercial vehicle and the averages payback time under 
urban driving conditions is about 6 years in 2005 and 2-3 years in 2020. Lin et al. [55] 
studied the power management system for a parallel HEV truck. In this study, a cost 
function was defined to minimize the fuel consumption and selected emission species 
together over a selected driving cycle. In order to find the optimal control action, the 
dynamic programming approaches was employed. The control actions consist of the gear-
shifting sequence, the power split between the ICE and electric motor and sustaining the 
battery SOC. By using computer simulation a trade-off study was conducted between fuel 
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economy and emissions and it was discovered that with a slight increase in fuel 
consumption of ICE can significantly reduce the emission. 
The number of the studies in this field was significantly increased in recent years, El 
Kadri and Berthon [56] studied and experimentally tested the energy management of a 
heavy duty truck with several energy sources. The tested vehicle was developed as a 
modular test platform which makes it possible to work as mean of evaluation of the 
components of a hybrid heavy vehicle. Syed et al. [57] investigated the modeling of a 
power split device for heavy duty applications. In this study a series-parallel hybrid truck 
with the Ravigneaux gear train power split device was considered. The modeling of the 
power split devices was performed using energetic macroscopic representation and the 
model was developed in MATLAB-SIMULINK® software, then the behaviour of the 
power split device was studied. Rousseau et al. [58] discussed the advantages and 
challenges of modeling and simulation on the future regulation of medium/heavy hybrid 
trucks. This study demonstrated the importance of a computer simulation software in 
labeling of medium and heavy duty trucks applications and introduced Autonomie® 
software [59] as a powerful tool to model and simulate hybrid vehicles. Delorme and 
Karbowski [60] studied on the advanced technologies such as hybridization, weight 
reduction and improved aerodynamic on the fuel economy of medium duty trucks. This 
study demonstrated a numerical evaluation of several technologies or combinations of 
technologies. The effects of each technologies on the fuel saving were individually 
assessed, and then the effects of combining technology were assessed, as well. In 
addition, some advanced drivetrain technologies, such as hybridization, dieselization and 
modified transmissions with a higher gear number were considered. The computer 
39 
 
simulation results showed that for medium duty trucks, almost 30% of fuel could be 
saved by combining different technologies. Karbowski et al. [61] studied on the 
modelling a hybrid class 8 line haul truck. In this study the impact of the hybridization of 
a tractor-trailer on fuel economy has been analyzed by using PSAT© software. Two 
hybrid configurations are taken into account, mild hybrid configuration and full hybrid 
configuration which has more braking energy recuperation rate. The fuel economy of 
both configuration have been evaluated in three different scenarios, a standard driving 
cycle, a long cruising driving cycle and graded road scenario. The results of computer 
simulation demonstrated 20–40% fuel consumption reduction for the full-hybrid 
configuration and around 10% for the mild-hybrid configuration in urban driving cycle.  
2.6. CONTIBUTION OF RESEARCH 
So far in this chapter, the state-of-art of the HEV technologies, modelling, control system 
and optimization have been studied. According to the literature review and published 
technical information, the hybrid electric drivetrain for heavy duty vehicles is highly 
demanded and many researches are being done on this area. However, the application of 
hybrid electric drivetrain for tractor and semi-trailers with trailer is less considered in 
literature and recently some manufacturers and governments have interests in this area. 
As a result, this thesis specifically studied the hybrid electric drivetrain for the tractor and 
semi-trailers.  
The main contribution of this thesis is to introduce and develop a new configuration for 
the hybrid drivetrain of a tractor and semi-trailer using self-propelled trailer. This new 
configuration can be classified as a series-parallel hybrid drivetrain. In fact, in this 
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drivetrain configuration, an electric drivetrain is provided in the trailer which is in 
parallel with the tractor hybrid drivetrain. Therefore, the trailer is providing a share of the 
total traction effort of the vehicle. As previously mentioned, this new configuration will 
have several advantages. The main one is to consider all the capabilities of the vehicle in 
order to improve the fuel efficiency as well as the longitudinal handling and lateral 
stability. 
The control system that has been developed for the Power Management System of the 
hybrid drivetrain has a novel structure, which is another contribution of this thesis. The 
control system consists of an upper level control and two drivetrain controllers for the 
tractor’s drivetrain and the trailer’s drivetrain. These drivetrain controllers have been 
developed using a Fuzzy Logic Controller (FLC).  
The multi-objective optimization of the drivetrain has been performed using a Multi-
Objective Genetic Algorithm (MOGA). This optimization procedure considered the 
simultaneous minimization of the cost of the drivetrain, the fuel consumption and also the 
0-80km/h acceleration time. The combination of all these objective functions and the 
results of the optimization performance is another contribution in this field. Furthermore, 
it should be mentioned that the optimization of the hybrid drivetrain for the tractor and 




Chapter 3: Drivetrain Components Modeling 
3.1. PREAMBLE 
This chapter comprehensively explains different mathematical models which have been 
developed for the dynamic modelling of the components of the hybrid electric drivetrain. 
The developed hybrid vehicle model is a forward type or engine-to-wheel model. 
Technically, the forward model of a drivetrain better represents the real state of the 
system components and also it is useful for testing the control algorithm of the power 
management system [62]. The main components of the hybrid drivetrain are the driver, 
Internal Combustion Engine (ICE), electric motor, drivetrain, tractor dynamics, semi-
trailer dynamics, battery and the brake system. The components of the drivetrain have 
been modeled using the data sheets of the commercially available products. The 
mathematical equations of these components will be discussed later. It should be 
mentioned that these models have been considered as base models and they would be 




The driver model calculates the position of either the accelerator or the brake pedal by 
using two Proportional and Integrator (PI) controllers for the acceleration and braking 
actions. Modelling the controller using PI controller is recommended and commonly used 
[63-65]. It should be mentioned that this driver model is a rough and conscious 
simplification of the behaviour of a real driver. However this simplified driver model is 
suitable for comparative studies and it is not necessary to use much complex models. The 
driver model also consists of a 20-HZ low-pass filter to filter out the feedback signal from 
the vehicle dynamics model. Figure 3-1 depicts the details of the driver model. The inputs 
of the model are the reference speed in accordance with the selected driving cycle and the 
real-time vehicle speed from the vehicle dynamics model. The goal of the driver model is 
to minimize the difference between the vehicle speed and the reference speed. The law of 
the accelerator and braking controllers can be written as:  
)&# = M	∆/ +  P∆/GD 															<QQ=R=>?D@	∆/ + P∆/GD 																								S>?T@ (3.1) 
where )&# is the torque command from the driver, and  and  are the 
proportional gain and the integrator gain of the accelerator, respectively. Furthermore, 
 and  are respective proportional gain and integrator gain of the braking 
system. This model will calculate the required acceleration or braking torque command, 




Figure 3-1: The driver model 
3.3. INTERNAL COMBUSTION ENGINE 
Internal combustion engine is considered as one of the drivetrain power plants. The diesel 
engine is considered in this thesis, is a proper power plant for the heavy duty vehicle 
application. The diesel engine is a four-stroke compression-ignition ICE which works on 
the basis of the diesel thermodynamic cycle, invented by Rudolph Diesel in 1897. This 
engine in comparison with the conventional gasoline engines has a different working 
function as: 
1. The compression ratio of the diesel engine is higher than that of the gas engine. 
2. During the initial stage of compression, only air will be present.  
3. The fuel/air mixture ratio is always quite weak. 
The diesel engine model simulates the engine output torque and the fuel consumption. 
The engine characteristics have been modeled according to the Caterpillar C-15 on-
highway diesel engine which is a commercially available engine. Figure 3-2 shows the 
characteristic curves and the technical specifications of Caterpillar C-15 on-highway 
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diesel engine with the rated power of 324 kW [66]. The inputs of the engine model are 
the driver command and the engine speed while the outputs of model are the engine 
torque production and the fuel consumption rate.  
The engine torque has been calculated by interpolating between the maximum and 
minimum torque curves according to the engine command from the driver model: 
)+,- = U(1 − )&#). )+& + )&# . )+&												)&# > 0	?G	: > 00																																									)&# ≤ 0	?G	: = 0		 (3.2) 
where )+,- is the output of engine torque, Te-min is the closed-throttle torque curve, Te-




Figure 3-2: Power and torque curve of Caterpillar C-15 power 324kW [66] 
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The engine fuel consumption rate can be interpolated from engine fuel consumption map. 
Figure 3-3 depicts the fuel consumption map for Caterpillar C-15 diesel engine. The fuel 
consumption rate lies between the fuel consumption rate of the minimum torque 
boundary of the fuel rate map and maximum engine torque boundary. Also, the fuel 
consumption rate is a function of the engine speed: 
F=R	>?D= = (: , )+,-) (3.3) 
 
Figure 3-3: Specific fuel consumption rate (kg/sec) and the engine full throttle torque for Caterpillar C-15 
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3.4. ELECTRIC MOTOR 
A typical variable-speed electric motor drive usually has the torque and power 
characteristics, which is close to the ideal requirement for automotive application [12]. 
Generally, by increasing the speed of electric motor from zero to its base speed, the 
voltage increases to its rated value while the flux remains constant. After the base speed, 
the flux decreases and the voltage remain constant. Therefore, the output power of 
electric motor remains constant while the torque declines hyperbolically with speed. 
The commonly used electric motor for HEV applications are DC motors, AC induction 
motors and Permanent Magnet (PM) brush-less DC Motors. The advantages and 
disadvantages of these motors for HEV applications are discussed in [12, 21, 67]. In the 
developed hybrid drivetrain of this thesis, two different electric motors have been used 
for tractor drivetrain and the trailer drivetrain. Both of these electric motors are 
Permanent Magnet brush-less DC motor which is suitable choice for hybrid electric 
drivetrain application [21]. The technical specification of the tractor’s electric motor was 
modeled based on UQM PowerPhase® 150 with 150kW continuous motor power [68]. 
Figure 3-4 depicts the torque – speed efficiency map and Figure 3-5 depicts the power – 
speed efficiency map of this permanent magnet DC motor [68]. The trailer’s electric 
motor has continues and peak power of 58kW and its technical specification was gathered 
from the literature [69]. Figure 3-6 depicts the Torque – Speed efficiency map of the 
trailer’s electric motor. 
The dynamic modelling of the DC motor has been implemented using the torque and 
power maps of the motor. The governing dynamics equations of the DC motor are: 
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)&+,- = )&+&	 × )&# (3.4) 
)&+& = ), ×  + ) × (1 − ) (3.5) 
where Tm-out  is the output torque of the motor and Tm-max is the maximum mechanical 
torque that the motor can generate at the current motor speed. The parameter Tcont is the 
continuous torque that motor can generate at the current motor speed, Tpeak is the peak 
torque that motor can generate at the current motor speed. These two parameters are 
interpolated from the motor torque map. The parameter  is the index of motor heat. 
 
 
Figure 3-4: Torque – Speed efficiency map of UQM PowerPhase® 150 PM - DC motor [68] 
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The index of motor heat has been used to interpolate between the continuous torque curve 
and the peak torque curve. When the motor is hot the heat index would be one, then the 
continuous torque curve is used. While at its operating temperature of the motor, the peak 
torque curve is used. The equation of index of motor heat is: 
 = −0.3 + P0.38 \ ),-), − 1]GD (3.6) 
where 8 is the lag of the motor. The input current to the motor, , which is provided by 
the battery, has been calculated using: 
 =  ̂  (3.7) 





Figure 3-5: Power – Speed efficiency map of UQM PowerPhase® 150 PM - DC motor [68] 
 
Figure 3-6: Torque – Speed efficiency map of Trailer’s Electric motor [69] 
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3.5. BATTERY UNIT 
The modeling of battery unit is one of the main challenges of hybrid electric drivetrain 
modeling. There are many studies have been published in this regard which proposed 
different models for battery [70-72]. A generic model of battery unit is RC circuit as 
shown in Figure 3-7.  
 
 
Figure 3-7: RC-circuit equivalent to electric storage unit 
Discharge characteristics determine the dynamic of battery response while charging or 
depleting. In the model of Figure 3-7, the parameter Rt is the terminal ohmic resistance 
which is assumed to be constant. The parameter Rint is internal resistance and the open-
circuit voltage Voc are functions of battery state-of-charge (SOC). The SOC variable is the 
only state variable of the battery system: 
G%_GD = `& (3.8) 
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 where qm is the maximum battery charge and Ib is the battery current which is calculated 
by: 
 = ,̂ − a ,̂ − 4(c + c) 2(c + c)  (3.9) 
where   is the output power of the battery. The terminal voltage of the battery is given 
by: 
̂ = ,̂ − (c + c) (3.10) 
In this thesis, the battery unit of the drivetrain is a 345 V Lithium Ion battery with electric 
charge of 90 Ah. The battery pack is 31 kWh of energy and it consists of six parallel 
modules where each module consists of 96 battery cells at 3.6 volts.  
3.6. TRANSMISSION UNIT 
The function of the transmission is to multiply or divide the engine torque / speed by the 
ratio for the selected gear. When the transmission is in gear, the output shaft speed equals 
the input shaft speed divided by the selected gear ratio, nT, while the input shaft is free to 










where ωin is speed of transmission input shaft, ωout is speed of transmission output shaft, 
Tin is input torque from upstream components to the transmission, Tdrag is torque loss 
when the shaft is free and Jin is the input inertia to the transmission. The output inertia of 
transmission is determined by upstream inertia and the current gear ratio when the 
transmission is in gear. When the gear is in neutral, the output inertia is zero.  
j,- = lj,-. i 																												@=?>0																																	=FD>?R  (3.12) 
where Jout is the output inertia of the transmission.  
In the developed hybrid drivetrain model, the transmission unit of the hybrid drivetrain is 
an automatic 10-speed gearbox.  This transmission unit has been modeled by using the 
specification of Eaton Fuller® 10-speed transmissions, model# FRM15210B 
Roadranger® gearbox [73]. The gear ratios and steps are tabulated in Table 3-1. 
Figure 3-8 depicts the performance chart of the transmission unit based on 1800 rpm 





Table 3-1: Eaton FRM15210B 10-speed transmission gear ratios 
Gear # 1st 2nd 3rd 4th 5th 6th 7th 8th 9th 10th 




Figure 3-8: Performance chart Eaton FRM15210B 10-speed transmission [73] 
3.6.1. Shift Logic 
An automatic gearbox can be described by a shift-map which relates the threshold for 
changing each gear up or down as a function of throttle setting and wheel speed [74]. The 
transmission controller determines the current gear number, and whether or not an upshift 
or downshift is to be initiated by using the gear shift-map. Figure 3-11 depicts the gear 
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shift-map of the transmission unit of the hybrid drivetrain where the solid and dashed 
lines indicate upshift and downshift thresholds, respectively. 
In order to enable the engine to operates in the desirable region of its maximum torque 
and maximum power, two main corner points in the shift profile of each gear have been 
considered at 35% throttle and 90% throttle. In addition, the transmission control will 
drop into a lower gear in case of suddenly acceleration, according to the profiles of the 
shift-map.  
3.6.2. Transmission Unit Controller 
The transmission unit is equipped with a controller which shifting the gear based on the 
vehicle speed and the throttle input, as previously described. The transmission unit 
controller is working independently and it is not part of the drivetrain controller unit so 
called PMS. The transmission unit controller is implemented using StateFlow® 
environment of Simulink® which is suitable a tool to implement sequential decision 
logics and flow charts. Figure 3-9 and Figure 3-10 show the structure of the transmission 
control unit and the StateFlow® diagram of the shift logic block, respectively. 
 




Figure 3-10: The StateFlow® diagram of the transmission unit controller 
3.7. BRAKE SYSTEM 
The heavy duty tractor and semi-trailers with a gross vehicle weight rating of 19000 lb 
are usually equipped with air brake system [75]. Since the dynamic response of a 
pneumatic air brake system is not as sharp as the hydraulic brake systems, therefore the 
brake force can be applied on the wheels smoother which can prevent from the jackknife 
of the trailer. The air brake system consists of air compressor with governor, reservoirs, 
foot valve, control valves, brake chamber, brake linings and drum or rotors. Figure 3-12 
depicts the schematic of a typical air brake system for heavy duty vehicles. The 
compressor generate the air pressure of 120 psi and the drivers by pushing the foot valve 
delivers the brake pressure from the reservoirs to the brake chambers trough the brake 
lines. 
By considering somewhat of simplification, the dynamics of the air brake system can be 
modeled by using a first order lag in time domain [76]:  
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  = 0.8	8( + 1 F								 = >CD, >=?> (3.13) 
where   is the applied brake pressure on each wheel, 8 is the time lag of the brake 
system. The parameter F is the input brake command from the driver and it is a value 
between 0 to 100%. The brake chamber is modeled as a pressure gain, , and the 
constant of 0.8 relates the brake command to the pressure of the brake line [77]. 
The brake torque on each wheel, ), has been modeled using the pressure/torque 
conversion constant, , as: 
) =  																							 = >CD, >=?> (3.14) 
Figure 3-13 depicts the brake system model and the brake system controller, generated in 
SIMULINK® software. As previously mentioned, the braking behaviour of the driver is 
modeled using a PI controller. Also as it can be seen, the controller of the hybrid 









Figure 3-12: Typical air brake system schematic (courtesy Bendix Spicer Foundation Brake LLC) [78] 
 
Figure 3-13: Brake system model 
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3.8. THE TRACTOR AND SEMI-TRAILER LUMPED MASS MODEL 
The vehicle lumped mass model can describe the overall longitudinal dynamic response 
of the vehicle. In this thesis, the tractor and semi-trailer lumped mass model has been 
used to analyze the braking energy consumption of the tractor and semi-trailer in Chapter 
5. This analysis can demonstrate that how the braking energy will be shared between the 
tractor and semi-trailer. Figure 3-14 shows the forces acting on the tractor and semi-
trailer while it is accelerating. In this drivetrain configuration, the tractive efforts are 
applied at the tractor rear wheels and the trailer rear wheel. These tractive efforts have to 
overcome the resistance forces which are rolling resistance, aerodynamic resistance, road 
grade and the inertia resistance of the vehicle. 
 
 
Figure 3-14: The force diagram of the tractor – trailer in accelerating 




n&( +) G^(D)GD =o( + ) −op +  + "q (3.15) 
where V(t) is vehicle speed, Fxr is the tractive effort of the tractor, Fxt is the total tractive 
effort of the trailer, Mk is the mass of the tractor, Mt is the mass of the trailer, Far is the 
aerodynamic drag force, Frr is the total rolling resistance force, Fgr is the grading 
resistance force and γm is the rotational inertia factor, which incorporates the effects of 
rotating components in the drivetrain components. The parameters Far , Frr , Fgr and γm 
can be calculated by: 
 = 12 r?s<^(D)2 (3.16) 
 = @> (3.17) 
" = @(3 (3.18) 
n& = 1 + ∑ ;>; + ∑i 
>; +∑( + &)p
iq
>;  (3.19) 
where M is the equivalent mass of the tractor or trailer, g is the gravitational acceleration, 
α is the road grade, fr is the rolling resistance coefficient, ρa is the air density, CD is the 
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drag resistance coefficient, Af is the projected rontal area of the vehicle. The parameters, 
Iw is the momentum inertia of each wheel, rw  is the radius of each wheel, IT  is the total 
inertia of the transmission, and nf is the gear ratio of the final drive. 
The maximum tractive force of each axle that the tire–ground contact can support is a 
function of the normal load on that axle. According to Figure 3-14, the equivalent mass of 
on each axle can be calculated by using following equations: 
	
 = 	
	@ = 	 1R@ u(@v + wℎ) + y(R − G) + yℎyz (3.20) 
	 = 		@ = 	 1R@ u(@? − wℎ) + yG − yℎyz (3.21) 
	 = 		@ =	 1Q@ up@= − w(ℎ − ℎy)q − ℎyz (3.22) 
where the length parameters a, b, l, d, e, c, hk , ht and hh are indicated in Figure 3-14. 
The engine power output equals to the resistance power of the vehicle, that is 
  = /55i p" +  +  + q
= 	 /55i {@(3 +@ + 12r|</(D) +n& G/(D)GD } (3.23) 
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where ηe is the efficiency of the engine, ηT is the efficiency of the transmission and fI is 
the inertia force of the vehicle. The numerical values of parameters, which are used in 
this thesis, are shown in Table 3-2. 
 
Table 3-2: Numerical Value of the Tractor and semi-trailer Parameters 
Parameter Name Symbol Value Unit 
Tractor Mass Mk 20909 kg 
Trailer Mass Mt 15455 kg 
Distance form tractor C.G. to front axle a 0.842 m 
Distance form tractor C.G. to front axle b 2.858 m 
Tractor wheel base l 3.700 m 
Distance form trailer fifth wheel axis to centre of tandem axle c 7.700 m 
Distance form fifth wheel axis to tractor front axle d 3.074 m 
Distance form trailer C.G. to fifth wheel axis e 5.494 m 
Height of tractor C.G hk 1.058 m 
Height of trailer C.G ht 1.900 m 
Height of fifth wheel hh 1.175 m 
3.9. FULL LONGITUDINAL VEHICLE MODEL 
In this section, the full vehicle model which has been developed for the optimization and 
simulations purposes has been described. This vehicle model completely simulates the 
longitudinal dynamics of the tractor and semi-trailer. The model consists of the wheel 
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dynamics, slip calculator, tyre model and the vehicle dynamics blocks. Since the 
longitudinal dynamics modelling was considered, the tractor and semi-trailer are modeled 
as single track vehicle. The inputs to the model are traction toques, braking torques and 
the transmission gear ratio. The outputs of the model are vehicle speed and vehicle paced 
distance. Figure 3-15 depicts the structure of the full longitudinal vehicle model built in 
SIMULINK®. For the full longitudinal vehicle model, the governing equations of the 
vehicle dynamics have been presented in Eq. (3-15) to (3-19). 
3.9.1. Wheel Dynamics 
The rotational dynamics of the vehicle wheels can be presented as: 
) − ) − >; − 	4>; = ; G:;GD 							 = ~, ~>, ~D (3.24) 
where ) and ) are the traction torque and the braking torque of the tire. These 
parameters are related to the vehicle drivetrain system which has been described 
previously. The parameters 4, ; and :; are the tire/road friction coefficient, the wheel 
moments of inertia and the radial angular velocity of the wheel, respectively. The 
parameter 	 is the vertical force on the tire. The normal load expressions for the tractor’s 





Figure 3-15: Structure of the full longitudinal vehicle model 
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3.9.2. Tyre Model 
The tyre model which has been utilized in this vehicle model is Dugoff’s tyre model [79, 
80]. This tyre model can describe the tyre forces under combined lateral and longitudinal 
force generation by assuming a uniform vertical pressure distribution on the tire patch. 
Also in this tyre model, the longitudinal and lateral stiffness are independent which is the 
main advantage of this model since the longitudinal stiffness of a tyre can be dissimilar to 
the lateral stiffness.  
According to the Dugoff’s tyre model the longitudinal tyre force, , can be written as: 
 =  (1 + ( (7) (3.25) 
 where  is the tyre’s longitudinal stiffness. The parameter ( is the wheel’s longitudinal 
slip which has been calculated as: 
( =
efg
fh>;: − ̂>;:; 									GF>@	?QQ=R=>?DC>;: − ̂̂ 																GF>@	v>?T@
 (3.26) 
The parameter 7 is given by: 
7 = 4	(1 + ()2(() + p tan(3)q (3.27) 
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where  and 3 are the lateral stiffness and the side slip angle of the tyre, respectively.  
The function (7) is defined as: 
(7) = l(2 − 7)7							7 < 11																				7 ≥ 1  (3.28)
3.10. SUMMARY 
In this chapter, the details of the modelling for the components of the hybrid drivetrain 
and also longitudinal dynamic model of the tractor and semi-trailer have been described. 
The components of the drivetrain are diesel engine, electric motor, battery unit, 
transmission unit, brake system. These components have been modeled according to the 
specification of the commercially available products. The developed models would be 
considered as the base model of the drivetrain’s components and their size will be 
optimized in Chapter 7:. 
Two longitudinal vehicle models have been developed, the lumped mass and the full 
model. The lumped mass is a simpler model that will be used for the purposes of energy 
analysis of the regenerative braking in Chapter 5:. The full model is a comprehensive 
model that will be used for the purpose of the optimization and simulation in Chapter 7: 
and Chapter 8:. 
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Chapter 4: Hybrid Electric Drivetrain Modelling and 
Validation 
4.1. PREAMBLE 
In this chapter, the configuration of the proposed hybrid drivetrain will be explained. This 
model has been generated using the components models which are described in Chapter 
3:. The whole hybrid-electric tractor and semi-trailer has been modeled by using 
MATLAB-SIMULINK® software. Then, the developed model of the hybrid drivetrain 
will be validated and the outputs of the developed model will be compared with the 
published data from the manufacturers and literature. As previously discussed, the 
components of the drivetrain such as diesel engine and electric motors have been 
modeled using the data sheets of the commercially available products. Therefore in order 
to validate the components’ model, the torque output of main components, diesel engine 
and DC permanent magnet electric motor, have been compared with the dynamometer 
test result published by the manufacturer. The overall performance of the complete 
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longitudinal vehicle model has been evaluated using the data of the fairly same size mild 
hybrid drivetrain published in literature. 
4.2. CONFIGURATIONS OF PROPOSED HYBRID DRIVETRAIN 
The proposed hybrid drivetrain for the tractor and semi-trailer can have different 
configurations. Technically, the tractor consists of a parallel hybrid drivetrain which can 
be in two forms of mild hybrid and full hybrid. The mild hybrid drivetrain utilizes an 
electric motor between engine and transmission, this configuration is feasible by applying 
some changes on an already exists drivetrain, therefore from economic standpoint this 
solution is affordable and easily applicable. The electric motor of the mild hybrid 
drivetrain can regenerate the braking energy and assist the ICE of the vehicle. The full 
hybrid drivetrain consists of an electric motor and a generator. This configuration is more 
powerful and efficient but it is more expensive than the mild hybrid drivetrain.  
The trailer consists of a pure electric drivetrain which is in series with the tractor 
drivetrain, the electric motor of the trailer can be connected to the either one of the trailer 
axle or both the axles. The trailer electric motor can regenerate the braking energy of the 
trailer. By connecting the electric motor to the both axles, more energy can be recaptured, 
but this make the drivetrain more expensive. The four possible drivetrain configurations 




Figure 4-1: The mild hybrid drivetrain configuration with two trailer differentials 
 
Figure 4-2: The full hybrid drivetrain configuration with single trailer differential 
The initial investment for utilizing a commercial hybrid heavy duty truck is decisive 
concerns for transportation sector. Therefore the hybridization of heavy duty vehicle has 
to be performed by considering the economic aspects. Generally, using more complex 
hybrid drivetrains will improve the efficiency of the system and also will increase the 
initial cost of the drivetrain. As a result a compromise between the drivetrain cost and the 
drivetrain efficiency has to be considered. The line-haul electric hybrid truck which is 
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considered in this thesis consists of a two axle tractor and one axle trailer, which can be 
classified as class 8 trucks. The hybrid drivetrain architecture consists of mild hybrid 
tractor and electric trailer which is in series with the tractor drivetrain. This architecture is 
similar to a classic series-parallel hybrid drivetrain. Figure 4-4 depicts the schematic of 
this drivetrain and Figure 4-5 depicts the dynamic model of this drivetrain developed in 
SIMULINK ® software. 
  
Figure 4-3: The full hybrid drivetrain configuration with two trailer differentials 
 




Figure 4-5: The developed dynamic model of the tractor and semi-trailer including the hybrid drivetrain in SIMULINK®
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4.3. COMPONENETS TORQUE VALIDATION 
The hybrid drivetrain consists of many components such as diesel engine, clutch, electric 
motors, transmission unit, final drive unit and battery packs. The diesel engine and the 
electric motors provide propulsion power by converting the chemical energy and 
electrical energy to mechanical energy. As a result, these two components are the main 
components of the drivetrain and the accuracy of the dynamic model of these components 
extremely define the overall accuracy of the developed model of hybrid drivetrain. 
In this thesis, the diesel engine has been modeled using the characteristics of Caterpillar 
C-15 on-highway diesel engine with rated power of 324 kW. Figure 3-2 shows the 
characteristic curve and technical specifications of this engine. 
In order to evaluate the developed engine model, the torque output of the model has been 
compared with the published data of the manufacturer. The published data of the 
manufacturer have been experimentally collected using the dynamometer test. Figure 4-6 
depicts the torque output of the diesel engine model and the manufacturer published data. 
The manufacturer data are collected from the catalogue of the Caterpillar C-15 on-
highway diesel engine with rated power of 324 kW [66]. As it can be seen, the output of 
the developed engine model is extremely similar to the real engine output and this 





Figure 4-6: The torque output of the engine model versus the manufacturer’s published data 
The next component of the drivetrain which has been validated is the tractor’s electric 
motor. In this thesis, the technical specification of the electric motor is modeled based on 
UQM PowerPhase® 150 which is a permanent magnet DC motor with 150kW 
continuous motor power [68]. Figure 3-4 depicts the torque – speed efficiency map of this 
motor. 
In order to validate the developed model for the electric motor, the output torque of the 
model and the output torque of the real electric motor have been compared. The output 
torque of the real electric motor has been collected from the published catalogue by the 
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manufacturer and it has been experimentally tested by using dynamometer. Figure 4-7 
depicts the output torque of the electric motor model and the real electric motor versus 
the motor speed. As can be seen the model’s output perfectly matches the experimental 
results and this can validate the accuracy of the developed model for the electric motor.  
  
 
Figure 4-7: The electric motor model’s torque validation with the manufacturer’s data 
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4.4. DRIVETRAIN MODEL VALIDATION 
In this thesis, the proposed hybrid electric architecture is a novel architecture for heavy 
duty trucks and since there was no prototype available for modelling purposes, the 
longitudinal vehicle model has been developed from the scratch by using the published 
data of the drivetrain sub-components which are commercially available. 
As a result, in order to validate the developed model for the longitudinal vehicle 
dynamics of the class 8 tractor and semi-trailer, the fuel consumption of the developed 
model has been compared with a published data from a conventional hybrid drivetrain. 
The published data is collected form Ref [61] where a class 8 tractor and semi-trailer with 
a conventional hybrid drivetrain has been modeled and simulated using PSAT® 
(Powertrain System Analysis Toolkit) which is a modelling and simulation software for 
hybrid electric vehicles developed by Argonne National Laboratory [81, 82]. In Ref [61], 
two hybrid drivetrains, mild and full hybrid, have been modeled for class 8 tractor and 
semi-trailers where the architecture of the mild hybrid drivetrain is almost close to the 
proposed architecture for the tractor in this thesis. Therefore for the model validation, the 
propulsion unit of the trailer has not been considered and it is assumed that the tractor 
drivetrain provides all the tractive effort. As a result, the fuel consumption of the tractor 
drivetrain has been compared with the result of the mild hybrid drivetrain in Ref [61] 
Table 4-1 tabulates the specifications of the developed model and the used model in Ref 
[61]. As it shown, although the proposed hybrid drivetrain architecture in this thesis is not 
similar to the modeled hybrid architecture of Ref [61] but the specification of both model 
such as sub-component sizing and vehicle class, are reasonably similar. 
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In Ref [61] the fuel consumption of the class 8 tractor and semi-trailer for different 
driving cycles has been calculated which are includes HHDDT 65, HHDDT Cruise, 
HHDDT High Speed, HHDDT Transient and UDDS Truck driving cycles. In this 
section, the fuel consumption of the developed model for the same driving cycles has 
been calculated and compared with the Ref [61]. Also these driving cycles are completely 
introduced in 5.2. The results of this comparison have been tabulated in Table 4-2, as it 
can be seen the developed hybrid drivetrain model in SIMULINK® software has very 
close fuel consumption to the developed model in PSAT® software with the reasonably 
similar specifications. Finally, it can be stated that the developed model of the hybrid 
drivetrain has acceptable accuracy and it can model the performance of a real line-haul 
hybrid truck.  
 
Table 4-1: The specification of developed model and the model of ref [61] 
Specification Ref [61] Developed Model 
Gross Vehicle Weight Rating (kg) 36,300 36,364 
Engine Power (kW) 317 324 
Electric Motor Power (Kw) 200 150 
Battery Energy (kWh) 25 31 
Transmission 10 Speeds (14.8 – 1) 10 Speeds (14.8 – 1) 
Mechanical Accessories (kW) 1 2 






Table 4-2: The fuel consumption comparison for different driving cycles 
Driving Cycle 
Fuel Consumption 











HHDDT 65 1904 42.4 42.06 43.05 2.23 % 
HHDDT Cruise 2083 36.96 35.72 36.57 2.38 % 
HHDDT High Speed 757 16.8 42.77 44.22 3.39 % 
HHDDT Transient 668 4.48 62.74 60.75 3.17 % 
UDDS Truck 1060 8.8 55.46 53.40 3.71 % 
 









In this chapter, the different configurations of the hybrid electric drivetrain have been 
described. According to the economic and technical concerns, one of the configurations 
has been selected for the purpose of modeling. The dynamic model of the selected 
configuration has been derived using the previously modelled components and the model 
has been developed in MATLAB/SIMULINK® software. 
In order to validate the modelling, both components model and the drivetrain model have 
been validated using the published data from the manufacturer and the literature. The 
main components of the drivetrain, diesel engine and electric motor have been validated 
in this chapter. It has been shown that the torque output of both models is very close to 
what the manufacturers have been published. Also the overall model of the hybrid 
drivetrain has been validated using a published research paper. This paper has studied 
application of hybrid drivetrain for a class 8 line haul truck using PSAT® software which 
is powerful tool in modeling of hybrid drivetrains. The published fuel consumption of the 
hybrid vehicle modeled in PSAT® has been compared with the developed model in 
SIMULINK® for different driving cycles. The comparison showed that the developed 
model has almost the same performance as the model developed in PSAT®. 
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Chapter 5: Regenerative Braking Analysis 
5.1. PREAMBLE 
In this chapter, the worthwhile capability of the proposed hybrid drivetrain is 
demonstrated by analyzing the energy consumption and potential capability of the 
regenerative braking of the vehicle. To study the amount of the braking energy that can 
be regenerated by the hybrid drivetrain, the braking energy analysis has been performed 
for different standard driving cycles for heavy duty trucks. In these analyses, the tractor 
and semi-trailer lumped mass model has been used and the consumed braking energy for 
each axle of the tractor and semi-trailer has been calculated. 
The standard driving cycles which are used in this thesis have been introduced in this 
chapter and details of the energy consumption calculation have been provided. The 
results of these analytical studies show the significant amount of the energy that can be 
recaptured by this hybrid drivetrain. 
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5.2. DRIVING CYCLES 
In this thesis, the standard driving cycles for the heavy duty vehicles have been used. 
These driving cycles consist of US Environmental Protection Agency (EPA) Urban 
Dynamometer Driving Schedule for Trucks, Heavy Heavy-Duty Diesel Truck series and 
New York composite driving cycle. 
The EPA Urban Dynamometer Driving Schedule for trucks (UDDS Truck) driving cycle 
has been developed for chassis dynamometer testing of heavy-duty vehicles [83]. This 
driving cycle models the urban delivery truck driving pattern and it is shown in 
Figure 5-1.  
The Heavy Heavy-Duty Diesel Truck (HHDDT) driving cycle is a chassis dynamometer 
test developed by the California Air Resources Board with the cooperation of West 
Virginia University [84]. This driving cycle consists of four speed-time schedules, 
including 65, high speed, transient and cruise. Figure 5-2 to Figure 5-5 show the 
schedules of this driving cycle. 
The New York Composite (NYComp) driving cycle is a chassis dynamometer test for 
heavy duty vehicles representative of actual driving patterns in New York City [85]. 
Figure 5-6 shows the speed – time graph of NYComp driving cycle. 




Figure 5-1: UDDS Truck driving cycle 
 
 




Figure 5-3: HHDDT High Speed driving cycle 
 
 




Figure 5-5: HHDDT Cruise driving cycle 
 
 
























1060 8.90 30.40 93.3 1.9 33 
HHDDT 65 1904 42.64 80.45 107.32 2 5 
HHDDT 
High Speed 
757 16.80 80.77 106.35 0.69 6 
HHDDT 
Transient 
668 4.50 24.61 76.42 1.32 17 
HHDDT 
Cruise 
2083 37.17 64.20 95.10 0.42 6 
NYComp 1029 4.06 14.25 57.92 5.41 29 
 
5.3. BRAKING ENERGY ANALYSIS 
Generally, the energy that vehicle consumes in a driving cycle can be calculated by: 
 = P /(D) {@(3 + @ + 12r|</(D) +n& G/(D)GD } GD (5.1) 
This energy is directly related to the mass of the vehicle. Therefore the energy per axle of 
the vehicle can be calculated using the equivalent mass of each axle from Eq. (3.20) to 
Eq. (3.22). The regenerative braking is a valuable advantage of hybrid drivetrain. The 
85 
 
braking energy of each axle relates directly to equivalent mass of the axle. This energy 
can be calculated by using Eq. (5.1).  
Generally the braking energy of the front axle is greater than other axel due to relatively 
greater static normal load on the front axle and load transfer to the vehicle front end 
during the deceleration. In the common hybrid drivetrain configurations one of the 
vehicle axles is equipped with electric motor and therefore the braking energy of other 
axle will be dissipated by mechanical brake system. In order to analyze the capability of 
the proposed hybrid drivetrain to regenerate the braking energy of the vehicle, the 
maximum available braking effort of the vehicle is considered. This value for the trailer 
axle is: 
 = 	@ w (5.2) 
where j is the deceleration, therefore the equivalent weight of each axle during maximum 
deceleration is: 
		 =	 @@Q + wℎy @= − w(ℎ − ℎy) (5.3) 




	 =	1R (@v + wℎ) + (@ − 	)(R − G) + \ − 	@ ] wℎy (5.5) 
The proposed drivetrain is able to regenerate the braking energy of the trailer axle as well 
as the rear axle of tractor. In order to emphasize the capability of the drivetrain for 
regenerative braking the brake energy analysis have been accomplished for some 
standard driving cycles [86]. In this chapter the details analysis results for EPA Urban 
Dynamometer Driving Schedule (UDDS) driving cycle and Heavy Heavy-Duty Diesel 
Truck (HHDDT) Transient mode driving cycle are presented [87].  
The traction energy consumed by the tractor and semi-trailer for these driving cycles are 
shown in Figure 5-7 and Figure 5-8. In addition, the traction energy per axle for each axle 
is shown in those figures. It is obvious that the front axle needs more energy due to its 
relatively higher equivalent mass since this axle is not driven axle, the energy of this axle 
should be compensated by tractor rear axle and trailer axle. In the proposed hybrid 
drivetrain the tractor rear axle and trailer axle provide traction energy and according to 
these figures the tractor axle needs to provide more share of traction than the trailer’s 
axle. 
The braking energy consumption of the tractor trailer is shown in Figure 5-9 for UDDS 
driving cycle and Figure 5-10 for HHDDT Transient diving cycle. The braking energy is 
individually consumed on each axle and a conventional hybrid drivetrain use mechanical 
brake and hybrid braking systems and recapture a part of the consumed braking energy. 
The hybrid drivetrain employs electric motor as generator and applies negative torque on 
the axle to decrease the vehicle speed. This braking torque is applied on one of the axles 
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and the energy of the other axle is dissipated by the mechanical system. In the severe 
braking case, the mechanical braking system will be also utilized on the axle which has 
the hybrid braking system. 
As it depicted in Figure 5-9 and Figure 5-10, the front axle consumes the most part of the 
total braking energy. Due to technical and economic limitations, the front axle of the 
heavy duty vehicle are not usually used as driven axle, therefore the braking energy of the 
tractor front axle has to be dissipated by mechanical braking system. The both rear axle 
of the tractor and the trailer are capable to use the hybrid braking system and recapture 
the braking energy. The performed analyses show the maximum energy that can be 
regenerated at the rear axle of the tractor by the hybrid braking system. According to 
Figure 5-9 and Figure 5-10, almost 44% of the total braking energy is disappeared at the 
tractor’s rear axle which can be recaptured by a conventional hybrid drivetrains. This fact 






Figure 5-7: The traction energy consumption for UDDS driving cycle [88] 
 
 




Figure 5-9: The braking energy consumption for UDDS driving cycle [88] 
 
 
Figure 5-10: The braking energy consumption for HHDDT Transient driving cycle [88] 
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According to Figure 5-9 and Figure 5-10, the trailer’s axle consumed almost 27% of the 
total braking energy in full load condition. In a conventional drivetrain or a hybrid 
drivetrain, this energy is dissipated by mechanical braking system whereas the proposed 
hybrid drivetrain can regenerate this amount of energy. In other words, the proposed 
drivetrain can increase the regenerative braking efficiency up to 25% which is a 
worthwhile capability.  
To design an optimal hybrid braking system, the distribution of the braking energy on the 
vehicle speed in typical driving cycles is very helpful [86]. Figure 5-11 depicts the 
braking energy of the tractor and semi-trailer energy distribution versus the vehicle speed 
for UDDS driving cycle and Figure 5-12 depicts the same graph for the HHDDT 
Transient driving cycle.  
 
 
Figure 5-11: Braking energy distribution on tractor-trailer speed for UDDS driving cycle [88] 
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These two figures demonstrate that the most part of the braking energy for the tractor and 
semi-trailer is consumed in the speed range of 20 to 60 km/h, which is the speed range in 
the urban driving condition. Since the speed in the urban driving cycle is relatively low 
and the braking acceleration is not usually intensive, the hybrid braking system can 
provide the braking torque and regenerate the braking energy. This fact complies with the 
application type of the class 8 tractor and semi-trailers, because they are usually 
employed to urban delivery system, like distribution system of beverage stores or grocery 
stores. Therefore the proposed drivetrain can effectively improves the efficiency of the 
class 8 heavy duty vehicles. 
 
 
Figure 5-12: Braking energy distribution on tractor-trailer speed for HHDDT Transient driving cycle [88] 
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Figure 5-13 and Figure 5-14 show the distribution of the braking energy on vehicle speed 
for the UDDS and HHDDT Transient driving cycles. In UDDS driving cycle, for speed 
range less than 15 km/h less than 10% of the braking energy has been consumed and this 
value for HHDDT Transient driving cycle is about 15%. These calculation results 
indicate that the braking energy consumption in the low speed range is limited. Moreover, 
functioning of electric motor as generator in low speed range and generate electricity and 
deliver to the on-board storage is difficult. Because at low motor rotational speed, the 
generated electric motive force (voltage) is very low. This fact justify the using of the 
mechanical brake system in this speed range and dissipate this low amount of the energy 
to compromise with the technical difficulties. 
 
 




Figure 5-14: Braking energy consumed in the speed range of less than a given speed for HHDDT Transient 
driving cycle [88] 
The braking energy versus braking power is another important factor in design of a 
hybrid drivetrain. Fully understanding of this distribution in typical driving cycles is very 
helpful for power capacity design of the electric motor and on-board ESU. By using the 
results of these calculations, the size of electric motor and ESU can be design to recover 
most of the braking energy without much oversize design. Figure 5-15 and Figure 5-16 
depict the distribution of the braking energy over the braking power for UDDS and 
HHDDT Transient driving cycles. According to Figure 5-15, the trailer axle consumed 
around 15% of the its braking energy in the braking power range of greater than  30 kW 
and the tractor rear axle consumed around 15% of the its braking energy in the braking 
power less than 47 kW. This results indicate that the trailer axle needs a relatively smaller 
electric motor to regenerate the braking energy, this means a 30 kW electric motor can 
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recover almost 85% of the total braking energy in the UDDS driving cycle and the 
tractor’s rear axle needs a 50 kW electric motor to recover 85% of the its braking energy. 
Regarding to HHDDT Transient driving cycle, the trailer axle needs a 27 kW electric 
motor to recover 85% of its braking energy and the tractor’s rear axle needs a 40 kW 
electric motor to do so. As a result, the self-propelled hybrid tractor can regenerate its 
braking energy and improve the vehicle total efficiency up to 25% and this only needs an 
electric motor with relatively smaller size than the tractor electric motor size. As matter 
of fact, these calculations show the capability of the proposed drivetrain to reduce fuel 
consumption and economic wise they indicate the feasibility of this drivetrain. 
Table 5-2 shows the braking energy analysis for 5 different drive cycles for heavy duty 
vehicles, UDDS, HHDDT 65, HHDDT Cruise, HHDDT High-speed and HHDDT 
Transient. The results show that the trailer consumes at least 24% of the braking energy. 
This energy can be regenerated by using the proposed drivetrain which is one of the 
advantages of this drivetrain. From the regenerative braking standpoint, the size of the 




Figure 5-15: The braking energy percentage at the braking power range that is greater than the power shown in 
the horizontal axis for each axle in UDDS driving cycle [88] 
 
 
Figure 5-16: The braking energy percentage at the braking power range that is greater than the power shown in 
the horizontal axis for each axle in HHDDT Transient driving cycle [88] 
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Max speed, km/h 92.8 107.45 95.04 106.44 76.5 
Average speed, km/h 45.17 84.58 68.18 85.74 29.61 
Traveling distance, km 8.88 42.61 31.12 16.96 4.57 
Braking Energy, Kwh 10.46 6.49 3.09 3.09 4.00 
braking energy to total braking 
energy, % 
Tractor rear  43.5 38.9 37.8 38.2 37.7 
Trailer  27.9 25.1 24.9 24.9 24 
Percentage of braking energy less 
than 15km, % 
Tractor rear 8.5 7.5 14 27.5 13.76 
Trailer 9 7.8 14.3 27.5 14.24 
Power range in which 85% of 
total braking energy is used, kW 
Tractor rear 47 84.5 15.7 47.2 41.5 








In this chapter, the driving cycles used in this thesis have been introduced. Also, The 
braking energy analysis for five different driving cycles of heavy-duty vehicles, namely, 
HD-UDDS, HHDDT 65, HHDDT Cruise, HHDDT High-speed and the HHDDT 
transient have been performed. The results showed that trailer consumes at least 24% of 
the braking energy. This energy can be regenerated by using the proposed drivetrain. 
From the regenerative braking standpoint, the size of the trailer electric motor is smaller 
than that of the tractor. The result of this analysis can justify the importance of the 
regenerative braking in the trailer and using electric motor in the trailer, as well.  
98 
 
Chapter 6: Power Management System 
6.1. PREAMBLE 
The hybrid drivetrain consists of different power plants (i.e. engine, electric motor) and 
energy sources (i.e. battery, ultra-capacitor) which have to efficiently work together to 
consistently provide traction. Therefor an effective and well-tuned control system is 
needed to manage and control the power flow between energy sources and power plants; 
this control system is called Power Management System (PMS). In this chapter, the 
details of the PMS for the proposed hybrid drivetrain will be described.  
The PMS consists of the logics and control laws for the controller of the tractor’s 
drivetrain, controller of the trailer’s drivetrain and the controller of the braking system as 
well as engine ON/OFF and torque estimators. Fuzzy Logic Controller (FLC) has been 
selected to develop the PMS of the proposed hybrid drivetrain. The FLC is a proper 
choice to control nonlinear time-varying systems and it has superior capability of dealing 
with model uncertainty and suitable for complex decision-making processes.  
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6.2. FUZZY LOGIC CONTROLLER 
Generally, driving conditions and vehicle loads are highly nonlinear and cannot be 
explicitly described. Also, every driver has specific driving patterns. On the other hand, 
the drivetrain of the HEV is a nonlinear complex system with several variables. 
Therefore, developing the control strategy of a HEV in a deterministic way involves 
several uncertainties.  In this thesis, the FLC has been selected for developing the PMS to 
cope with these problems since FLC is tolerant to imprecise measurements and to 
component variability. Also as mentioned in Chapter 2, FLC has high portability, low 
computational burden and noteworthy performance which makes FLC a superior control 
method for HEV applications in comparison with other control theories [27]. 
A FLC is a control system based on fuzzy logic which is a useful way to map an input 
space to an output space. The fuzzy logic was first time proposed in 1965 by Zadeh [89] 
as a way to process imprecise data. Zadeh expanded his fuzzy sets ideas and introduced 
the concept of linguistic variables in his 1973 paper [90]. 
The digital logics operate based on discrete values of either 1 or 0 (true or false). 
However the fuzzy logic is a mathematical system that analyzes analog input values in 
terms of logical variables that take on continuous values between 0 and 1. Generally, 
fuzzy logic has many advantages such as [91, 92]: 
• Fuzzy logic is an intuitive approach which is conceptually easy to understand. The 
mathematical concepts of fuzzy logic are simple. 
• Fuzzy logic is flexible. It is easy capable to add more functionality layer to the 
controller without starting the controller design from scratch. 
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• Fuzzy logic is tolerant of imprecise data. 
• Fuzzy logic is capable to model nonlinear systems with arbitrary level of 
complexity. The fuzzy system can match any set of input-output data.  
• Fuzzy logic can be built on top of the experience of experts without dealing with 
complex mathematical modelling and calculations.  
• Fuzzy logic can be blended with conventional control techniques and simplify 
their implementation. 
• Fuzzy logic is based on natural language used in everyday human’s 
communication. The fuzzy logic is built on the structures of qualitative 
description language. 
The usefulness of the FLC was seen when more powerful computer were developed. The 
first industrial application of FLC was a cement kiln built in Denmark, coming on line in 
1975. Then FLC was widely used in machine control by Japanese in 80’s [93]. 
Classic control theory uses a mathematical model of the plant to define a relationship that 
transforms the desired and observed states of the system into inputs that will alter the 
future states of that system. While the FLC replaces the mathematical model with a 
model which is built from a number of rules that generally describe only a small section 
of the whole system. In FLC, the inputs and outputs of the system have remained 





Figure 6-1: Fuzzy Logic Controller (FLC) Architecture 
Figure 6-1 depicts the architecture of FLC which consists of four main units:  
• The Fuzzifier unit converts the values of a crisp input into the form that can be 
used by the inference engine. The Fuzzifier determines the ‘degree of 
membership’ of each input to a vague concept. The range and resolution of input 
fuzzy sets and their effect on the fuzzification process is considered as a factor 
affecting the overall performance of the controller.  
• The Fuzzy Rule Base unit is the main part of FLC which consists of membership 
functions and a set of IF-THEN fuzzy rules. The performance of the FLC is 
strongly related to the quality of the Fuzzy Rule Base unit. In most cases, the 
Fuzzy Rule Base can be determined using the expertise and a priori knowledge of 
an experienced human operator.  
• The Inference Engine unit infers fuzzy control action by emulating the expert’s 
decision-making knowledge about how best to control the plant. The Inference 
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Engine evaluates which control rules are relevant at the current time and then 
decides what the input to the plant should be. 
• The Defuzzifier unit converts the conclusion of the Inference Engine into crisp 
outputs. There are many defuzzification processes, the most famous one is centre 
of area or centre of gravity which has been used in the developed FLC. 
6.3. POWER MANAGEMENT SYSTEM ARCHITECTURE 
The PMS manages the power flow of the hybrid drivetrain and how the traction should be 
distributed between the tractor and the trailer. In addition, the PMS will ensure that 
drivetrain fully follows the driver’s command through the gas and brake pedals. The 
schematic of the PMS is shown in Figure 6-2. The PMS consists of the mechanical brake 
controller, the engine ON/OFF controller, the required torque estimators, the tractor’s 
drivetrain controller and the trailer’s drivetrain controller. 
The hybrid drivetrain can recapture the kinetic energy of the vehicle during the braking 
using the regenerative braking capabilities. The braking torque of the regenerative 
braking system is limited by the torque capacity of the electric motors of the tractor and 
the trailer. In addition, due to the heavy weight of the vehicle and dynamics of the electric 
motors, the stopping distance by using the regenerative braking is a crucial concern. 
Therefore, during intense braking maneuvers besides of the regenerative braking, the 
mechanical brakes of the vehicle should be used to reduce the speed of the vehicle. The 
mechanical brake controller unit will engage the mechanical brake system based on the 
intensity of the braking command from the driver and also the speed of the vehicle. 
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In order to improve the fuel efficiency, the PMS will turn off the diesel engine under a 
certain braking condition. When the braking command from the driver exceeds the 50% 
of the total braking capacity of the electric motors and the vehicle speed is below 50 
km/h, the engine ON/OFF controller will turn off the diesel engine. 
 
 
Figure 6-2: The schematic of the PMS for the proposed hybrid drivetrain 
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The driver inputs the acceleration or braking command by pushing the gas or brake 
pedals. The PMS will interpret the driver’s request to the required traction or braking 
torque using Required Torque Estimator unit for both tractor and the trailer. The 
Required Torque Estimator of the tractor uses the map of total traction torque of engine 
and electric motor to interpolate the required tractive torque at the current engine speed 
based on the driver’s command. The trailer’s Required Torque Estimator uses the map of 
traction torque of the only electric motor of the trailer. Also, the estimator unit will 
interpolate the required regenerative braking torque using the map of total braking torque 
of electric motors. Figure 6-3 depicts the torque / engine speed map of the tractor’s 
drivetrain which is used by the tractor’s Required Torque Estimator. The torque / engine 
speed map which is used by the trailer’s Required Torque Estimator is shown in 
Figure 3-6. 
There are two independent drivetrain controllers for the tractor and the trailer. These 
fuzzy logic drivetrain controllers have been designed using Mamdani’s fuzzy inference 
method which is based on min-max composition. In this inference method, the inference 
engine generates an envelope of the fired output membership functions. Then the 
defuzzified  will be found by finding the centroid of the envelope using integrating over 
two dimensional shapes [94]. Also in the developed FLC, the logical AND has been 
implemented with the minimum operator, the implication method is minimum and the 
aggregation method is maximum. 






Figure 6-3: The Tractor’s drivetrain torque / Engine speed map 
 
Figure 6-4: The details of PMS implemented in Simulink® 
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6.4. TRACTOR’S DRIVETRAIN CONTROLLER 
The principal goal of the tractor’s drivetrain controller is to follow the driver’s request. In 
order to do that, the total torque delivered by the diesel engine and electric motor must be 
determined such that the driver’s torque requests are satisfied consistently and 
completely. 
In addition, the tractor’s drivetrain controller is aimed to two other simultaneous targets. 
One of these targets is to minimize the fuel consumption (FC) of the diesel engine. In 
order to meet this target, the controller is to cause the diesel engine to work in the vicinity 
of its efficient operating points. In other words, the controller shifts the operation points 
of the diesel engine to the efficient points according to the engine efficiency map as 
shown in Figure 6-5. 
The other target for tractor’s drivetrain controller is to maintain the sustaining charge of 
battery pack. In order to guarantee the sufficient power from the battery pack and also 
increase the life time of the battery cells, the controller retains the SOC of the batter pack 
in range of 30% to 70%. 
It should be noted that the drivetrain controller has been developed by considering some 
physical constraints such as engine torque limits, motor torque limits, and battery power 
limits. 
The FLC of tractor’s drivetrain controller requires 3 inputs of the required torque from 
the estimator, called Treq, the SOC of the battery pack, called SOC, and the engine speed, 
called ωe. The controller will determine the diesel engine command, called ICE, and 




Figure 6-5: The diesel engine efficiency map 
6.4.1. Control Strategy 
The proposed drivetrain is designed for a heavy-duty truck with frequent stop and go 
driving pattern. Therefore maximum SOC control strategy has been selected for the 
tractor’s drivetrain controller [12]. The flow chart of this strategy is shown in Figure 1-6. 
This strategy has been selected since when a vehicle has frequent stopping driving 
pattern, the battery pack must deliver its power to the drivetrain frequently. As a result, 
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the battery tends to be quickly depleted. Therefore, maintaining a high SOC in the battery 
pack is essential to ensure vehicle performance. 
The maximum SOC strategy can be explained using Figure 6-6, where the maximum 
torque curves of engine plus electric motor, engine-alone traction, electric motor-alone 
traction, and regenerative braking are plotted against engine speed. The driver’s torque 
demands in various conditions are also shown by points A, B, C, and D. The operation 
modes of the drivetrain are explained below: 
 
 
Figure 6-6: Demonstration of the various operation modes based on torque demand 
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• All-Electric Propelling Mode: 
In this mode, the vehicle speed is below a pre-set threshold, where the diesel engine 
cannot operate efficiently. As previously mentioned, in this case the PMS operates the 
electric motor alone to deliver power to the driven wheels, while the engine is turned off 
or idling. In this mode the engine torque and the electric motor traction torque can be 
written as: 
)*! = 0 (6.1) 




where )*! is the output torque of the diesel engine, )!$ is the output traction torque of 
the electric motor and ). is the load torque. The parameters  and 	5	are the gear ratio 
and the efficiency of the transmission, the parameters 
 and 	5
	 are the gear ratio and 
the efficiency of the final drive unit, respectively. 
• Hybrid Propelling Mode: 
In this mode, both engine and the electric motor must simultaneously deliver torque to the 
driven wheels. This mode can happen in two cases. The first case is when the torque 
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demand is greater than the maximum torque of the diesel engine, presented by point A in 
Figure 6-6, and the second case is when the demand torque is less than the engine torque, 
shown by point B in Figure 6-6, but the operation point of the engine is not in efficient 
region and SOC of battery is in normal region. The first case is extreme torque demand 
and the tractor’s drivetrain controller operates the engine at its maximum torque limit and 
provides the remaining torque by electric motor. In second case, the controller is aimed to 
operate the engine at its efficient region by controlling the engine throttle and provide the 
remaining torque by the electric motor. In this mode the electric motor torque can be 
written as: 
)!$ = ). − )*!  (6.4) 
• Battery Charging Mode: 
In this mode, the load torque demand is less than the maximum torque of the engine, 
presented by point B in Figure 6-6, and SOC of the battery pack is less than its top line. 
In this condition, the tractor’s drivetrain controller operates the diesel engine at its 
efficient region and operates the electric motor to function as a generator to capture the 
remaining torque of the diesel engine to charge the battery pack. The charging torque 
output of the diesel engine, )*!, in this mode can be written as:  
)*! = )*! −	). (6.5) 
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• Regenerative Braking Mode: 
In this mode, the vehicle experience braking and the braking torque demand is less than 
the maximum braking torque of the electric motor, shown by point C in Figure 6-6, and 
also the SOC charge of the battery has not reached to its maximum level. In this situation, 
the controller is aimed to operate the electric motor as a generator to produce braking 
torque and recapture the kinetic energy of the vehicle to charge the battery pack. Also, the 
diesel engine will be set idling by controller. The braking torque output of the electric 
motor, )!$, can be written as: 
)!$ =	).  (6.6) 
• Hybrid Braking Mode: 
In this mode, the braking torque demand is more than the maximum braking torque of the 
electric motor, shown by point D in Figure 6-6. The controller and operates the electric 
motor as a generator at its maximum braking torque limit and also applies mechanical 
brake to provide the remaining brake torque request. 
6.4.2. Membership Functions 
The membership functions of the inputs variables for the tractor’s FLC are shown in 
Figure 6-7.  The required torque, Treq , has four membership functions where N, Z, P and 
PH stand for negative, zero, positive and high positive required torque, respectively. The 
engine speed, ωe, has four membership functions where L, HL, NO and H stand for low, 
high low, normal and high engine speed, respectively. It should be mentioned that the 
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membership function NO of engine speed represents the efficient operation range of the 
engine and the drivetrain controller is aimed to utilize the diesel engine within this range. 
The input variable of SOC has three membership functions where L, N and H stands for 
low, normal and high, respectively. The membership function N represents the safe range 
of the battery SOC and the drivetrain controller is aimed to maintain the battery pack 
SOC within this range. These membership functions have been designed according to the 
described goals of the drivetrain controller and also by considering a conducted survey 
among expert in hybrid electric vehicles [95].  
The membership functions of the tractor’s drivetrain controller are shown in Figure 6-8. 
The output variable of diesel command, ICE, has five membership functions numbered 
from 1 to 5 where membership function 1 represents lowest and membership function 5 
represents highest command value. The output variable of tractor’s electric motor 
command, EM, has five membership functions from -2 to 2. The negative membership 
functions, -2 and -1, represent braking command from high to low respectively. The 
positive membership functions, 1 and 2, represent the accelerating command from low to 
high, respectively. Also membership function 0 represents the transitional state between 





a. The required torque membership functions 
 
b. The engine speed membership functions 
 
c. The battery pack state-of-charge membership functions 




a. The diesel engine command memebership functions 
 
b. The tractor’s electric motor memebership functions 
Figure 6-8: The membership function of the output variable of the tractor’s drivetrain controller 
6.4.3. Fuzzy Rules 
Based on the number of the membership functions of the input variables, the FLC of the 
tractor’s drivetrain consists of 48 rules. These rules have been defined according to the 
control strategy explained in section 6.4.1 and they are listed in Table 6-1. Also, 
Figure 6-9 and Figure 6-10 show the surface presentation of the rules for engine 
command and electric motor command, respectively. 
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L 1 -2 25 
P 
L 
L 4 -2 
2 N 1 -2 26 N 2 0 
3 H 1 0 27 H 2 1 
4 
HL 
L 1 -2 28 
HL 
L 4 -2 
5 N 1 -2 29 N 3 1 
6 H 1 0 30 H 3 1 
7 
NO 
L 1 -2 31 
NO 
L 4 -2 
8 N 1 -2 32 N 2 1 
9 H 1 0 33 H 2 1 
10 
H 
L 1 -2 34 
H 
L 4 -2 
11 N 1 -2 35 N 3 0 




L 1 -1 37 
PH 
L 
L 5 -2 
14 N 1 0 38 N 4 1 
15 H 1 0 39 H 4 2 
16 
HL 
L 1 -1 40 
HL 
L 5 -2 
17 N 1 0 41 N 4 1 
18 H 1 0 42 H 4 2 
19 
NO 
L 1 -1 43 
NO 
L 5 -2 
20 N 1 0 44 N 4 1 
21 H 1 0 45 H 4 2 
22 
H 
L 1 -1 46 
H 
L 5 -2 
23 N 1 0 47 N 5 1 













Figure 6-10: Surface presentation of the fuzzy rules to determine the tractor’s electric motor command 
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6.5. TRAILER’S DRIVETRAIN CONTROLLER 
The tractor’s drivetrain controller is aimed to provide a share of the total traction and 
regenerative braking effort while ensuring that the trailer is always pulled by the tractor 
for the sake of safety and avoiding jackknifing. 
6.5.1. Control Strategy 
The control strategy of the trailer’s drivetrain controller is relatively simpler than the 
tractor due to fewer parameters and components. The principal control strategy of the 
trailer’s drivetrain controller is maximum SOC of battery similar to the tractor’s 
controller strategy, while the controller ensures the safety of the trailer. The tension 
between the tractor and the trailer is considered as a safety measure for avoiding 
jackknifing. This tension should be measuring at place of the fifth wheel of the tractor. 
The positive tension during accelerating means that the tractor is pulling the trailer. The 
negative tension during accelerating means the trailer is pushing the tractor which is 
dangerous and increases the chance of jackknifing. For the same reason, during braking 
the tension should be negative. Whenever the tension is not in the proper direction, the 
controller modifies the speed of the trailer. 
Generally when the torque demand is positive and the SOC is in the normal range, the 
controller provides traction torque using the trailer’s electric motor. However in case of 
positive torque demand and low SOC, the controller operates the electric motor to 
function as a generator and charge the battery.  The controller does not provide any 
torque when the torque demand is zero and vehicle is at stand still. Finally when the 




a. The required torque membership functions 
 
b. The tension membership functions 
 
a. The state-of-charge membership functions 
Figure 6-11: The membership functions of the input variables of the trailer’s drivetrain controller 
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6.5.2. Membership Functions 
The trailer’s drivetrain controller has three inputs of required torque, called Treq, the 
tension, called tension, at the position of the fifth wheel and the state-of-charge battery, 
called SOC. The controller determines the trailer’s electric motor command as an output. 
The membership functions of the inputs variables are shown in Figure 6-11.  
The required torque, Treq, has three membership functions, where N, Z, and P stand for 
negative, zero and positive, respectively. The tension has two membership function of N 
and P stand for negative and positive, respectively. Finally the SOC has three 
memberships function same as the tractor’s drivetrain controller. The trailer’s drivetrain 
controller has one output, trailer’s electric motor command. This variable has three 
membership function, shown in Figure 6-12, where -1, 0 and 1 stand for negative, zero 
and positive torque command. 
 
 




Figure 6-13: Surface presentation of the fuzzy rules to determine the trailer’s electric motor command 
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6.5.3. Fuzzy Rules 
The trailer’s drivetrain controller consists of ten fuzzy rules, where tabulated in Table 6-2 
and the surface presentation of the fuzzy rules are shown in Figure 6-13. These rules have 
been defined based on the control strategy explained in section 6.5.1. According to 
Table 6-2, in case of zero torque demand, the controller will determine the output 
independent from the tension and SOC variables. Also, in case of negative tension, the 
controller will determine the output independent from the torque demand. 
 
Table 6-2: Trailer’s drivetrain controller fuzzy rules 
Rule # 
Input Output 




2 N -1 
3 H 0 




6 N 1 





9 N -1 





The control system of a hybrid drivetrain, so-called Power Management System, has vital 
rule in the functionality and overall performance of the system. In this chapter, the 
structure and the logic of the PMS for the proposed hybrid drivetrain have been explained 
in detail. The designed PMS consists of supervisory control unit and two individual 
drivetrain controllers for tractor and semi-trailer. The supervisory control unit manage the 
drivetrains, the braking system and engine ON/OFF controller. The drivetrain controllers 
of the tractor and the trailer have been developed using FLC with strategy of Maximum-
SOC. The details of the fuzzy rules and membership functions have been described. The 
tension that tractor applies to the trailer at the fifth wheel is considered as measure of the 
safety of the system in order to prevent from jackknifing. This tension should be positive 
during the acceleration and negative during the braking. If the tension is not in the proper 




Chapter 7: Multi-Objective Optimization of Hybrid 
Drivetrain Component Sizing 
7.1. PREAMBLE 
The hybrid drivetrain is a complex electro-mechanical system which consists of many 
dynamic components. Thus, a proper and successful design of the drivetrain requires 
appropriate sizing of the mechanical and the electrical components. The complexity of 
the hybrid drivetrain and the interaction between the components make it difficult to size 
each specific component manually or analytically. Therefore proper hybrid drivetrain 
design requires optimal sizing of the key mechanical and electrical components by using 
optimization algorithms and simulation techniques. In this chapter, the component sizing 
of the proposed hybrid drivetrain is investigated using Multi-Objective Genetic 
Algorithm (MOGA). The objectives of this optimization are the cost of the drivetrain, the 
fuel consumption and the acceleration performance of the heavy duty tractor and semi-




7.2. MULTI-OBJECTIVE GENETIC ALGORITHM 
Genetic algorithm (GA) is heuristic search technique that mimics the process of natural 
biological selection and evolution. The GA is an effective optimization technique to solve 
complex engineering optimization problems, including nonlinear and non-convex 
objective functions [96]. The GA is efficient at searching the global optimum without 
getting stuck in local optimums, can explore the solution space very efficiently and it 
does not require any strong assumption or additional information of objective parameters 
[97].  In addition, GA is capable to solve multi-objective non-constrained and constrained 
problems. However, GA method is time consuming, and does not provide a broader view 
of the problem. 
The process of GA begins with randomly selecting of a set of individual solutions (or 
chromosomes) to form an initial population. The population size depends on the nature of 
the problem, but typically contains several hundreds or thousands of possible solutions. 
The randomly generating of the initial population is allowing the entire range of possible 
solutions to be considered.  
The population in each iteration called a generation. In each generation, the fitness of 
every individual in the population is evaluated. The more fit individuals are stochastically 
selected from the current population to form a new generation which will be used in the 
next iteration of the algorithm. Commonly, the algorithm terminates when either a 
maximum number of generations has been produced, or a satisfactory fitness level has 
been reached for the population. 
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The chromosomes evolve during several iterations or generations. During each successive 
generation, a proportion of the existing population is selected to reproduce a new 
generation. According to the fitness function, the chromosomes are typically more likely 
to be selected which are fitter solutions. The fitness function is always problem 
dependent and is a measures of the quality of the represented solution. 
The chromosomes are evaluated (using fitness function) and the best ones are selected 
while the others are discarded. To breed a new generation, a pair of ‘parent’ solutions is 
selected from the pool of best selected chromosomes. A ‘child’ solution will be breed 
using three commonly used genetic operators: reproduction, crossover, and mutation. The 
genetic operators are used to maintain genetic diversity, known as mutation and to 
combine existing solutions into others, crossover. The mutation operators operate on one 
chromosome by altering one or more gene values from its initial state. Genetic Algorithm 
can come to better solution by using mutation. The crossover operators are binary 
operators and they are process of taking more than one parent solutions and producing a 
child solution from them. There are several methods for selection of the chromosomes.  
The new created solution shares many of the characteristics of its ‘parents’. This process 
repeats until a population of solutions of appropriate size is generated which fits the best. 
Multi-objective optimization is a problem of multiple criteria decision making involving 
more than one objective function to be optimized simultaneously. Multi-objective 
optimization has been applied in many fields of science since real-world problems 




Generally, a multi-objective optimization problem will have a set of optimal solutions, 
known as trade-off or pareto-optimal solutions. A set of solutions is pareto-optimal, if any 
improvement in one of the objectives unavoidably leads to worsening of at least one of 
the other objectives. An example of a set of optimal solution for a two objectives problem 
is shown in Figure 7-1. It can be seen that points ‘d’ and ‘e’ at least have one objective 
function’s value which is greater than point ‘b’. In other words, the solutions for ‘d’ and 
‘e’ cannot be treated as optimal solution, since solution ‘b’ is better than these two points 
in terms of both objective functions. It can be stated that all feasible solutions of search 
space are inferior in both objectives to those solution on the curve ‘abc’. Therefore, the 
solutions of the curve ‘abc’ are pareto-optimal or trade-off solutions. The curve ‘abc’ is 
known as the pareto-optimal front. 
 
 
Figure 7-1: Typical pareto-optimal front 
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7.3. PROBLEM STATEMENT 
The component sizing is a vital task in design of hybrid drivetrain. As mentioned 
previously, due to the complexity of the drivetrain using the optimization techniques is a 
suitable technique to perform component sizing. During the optimization process, the 
system constraints such as mechanical, electrical, economical and performance of the 
vehicle should be considered. There are many published literature in optimal component 
sizing of the hybrid drivetrain [45, 97-99]. The most important objective function in 
component sizing of a hybrid drivetrain is the cost of the system which is mostly function 
of size of engine, electric motor and the battery as the main and costly components. The 
other important objective function is the fuel consumption of the drivetrain which needs 
to be as low as possible within a reasonable price range. 
In this thesis, the optimal sizing of the four main components of the proposed hybrid 
drivetrain has been investigated. These four main components are the diesel engine, the 
tractor’s electric motor, the trailer’s electric motor and the battery pack.  
In order to find the optimal solution for the size of these components, three objectives 
have been considered. They are the cost of the drivetrain in dollars, the fuel consumption 
in L/100km, and the acceleration time of 0-100 km/h. 
7.4. METHODOLOGY 
In order to determine the optimal size of the system components which lead to the least 
cost, the minimum fuel consumption and the best acceleration performance the following 
steps have been pursued: 
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• The base drivetrain with base components size have been selected. The base size 
for the main system components have been selected according to the 
commercially available products as described in Chapter 3:.     
• The constraints of the system have been selected. Theses constraint will be 
descried in the following sections. 
• The range for the size of the design parameters have been determined based on 
the constraints. 
• The objective functions have been derived based on the design parameters. The 
details of the objective function are described in the following sections. 
• The design parameters are optimized using MOGA.  
The specifications of each component such as torque, power, fuel consumption and etc. 
have been evaluated using linear scaling algorithm of the specifications of the base 
components. The scaling has been done such that the efficiency of the components 
remains the same as the base model. As an example, the diesel engine has been scaled by 
maximum power rating using a linear scaling algorithm. Accordingly, the fuel map has 
been scaled such that the engine efficiency is constant with the scaled power. For each 
main component a scaling factor has been defined, where: 
 )",& = )" × %" (7.1) 
)&,& = )& × %& (7.2) 
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)&',& = )&' × %&'  (7.3) 
,& = u ×	%z (7.4) 
where )", )&, )&'  and   are the torque of the base diesel engine, the base torque 
of the tractor’s electric motor, the base torque of the trailer’s electric motor and the base 
number of battery cells.  The parameters %", %&, %&'  and % are scaling factors of 
the diesel engine, tractor’s electric motor, the trailer’s electric motor and battery pack, 
respectively. The batter pack scaled using modifying the number of the battery cells; 
therefore the integer value of the expression  ×	% has been considered as the 
modified number of battery cells. 
It should be mentioned that mass of the vehicle is dependent on the size of the main 
components of the drivetrain. Therefore, in the optimization process, the updated mass of 
the vehicle needs to be calculated at each iteration based on the updated size of the diesel 
engine, the tractor’s electric motor, the trailer’s electric motor and the battery pack. 
Finally, the optimal selection of component sizing can be defined as an optimization 
problem as follows: 
min2,2,',	∈	 p)", )&, )&' , q, p)", )&, )&' , qp)", )&, )&' , q  (7.5) 
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where , and  are the objective functions of Drivetrain Price, Fuel Consumption and 
the Acceleration Time, respectively. The parameter Ω is the solution space, which defines 
the lower and the upper bounds of the optimization variables. 
7.4.2. Vehicle Performance Constraints 
The vehicle is required to meet performance constraints to avoid sacrificing the vehicle 
performance during optimization. The consortium of Partnership for a New Generation of 
Vehicles (PNGV) defined a set of performance constraints for passenger cars [100]. 
Some modified performance constraints have been developed from examining what 
consumers want when purchasing automobiles which are commonly considered for the 
passenger HEV [45, 101]. These constraints are tabulated in Table 7-1. 
 
Table 7-1: The performance requirement for passenger HEV [45] 
Constraint Description 
Acceleration Time 
0-60 mph (0-97 km/h) ≤ 12 sec 
40-60 mph (64-97 km/h) ≤ 5.3 sec 
0-85 mph (0-137 km/h) ≤ 23.4 with hybrid 
traction 
0-30 mph (0-48.30 km/h) ≤ 5 sec with motor 
only traction 
Gradeability 
55 mph (88.5 km/h) atr 6.5% grade for 1200 sec 
with the SOC range of 0.2-0.7 
Maximum speed ≥ 90 mph (145 km/h) 
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The American Public Transportation Association (APTA) regularly publishes a Standard 
Bus Procurement Guideline suggesting multiple requirements for Transit Bus vehicles as 
components mileage life or performance limit. In the October 2010 issue released, APTA 
recommends two performances test at Gross Vehicle Weight Rating (GVWR), 
acceleration and gradeability with few different levels [102]. These performance 
requirements are tabulated in Table 7-2. 
Table 7-2: APTA transit bus performance requirements [102] 
Constraint Description 
Acceleration Time 
0-10 mph (0-16 km/h) ≤ 5 sec 
0-20 mph (0-32.2 km/h) ≤ 10 sec 
0-30 mph (0-48.3 km/h) ≤ 18 sec 
0-40 mph (0-64.4 km/h) ≤ 30 sec 
0-50 mph (0-80.5 km/h) ≤ 60 sec  
Gradeability 
15 mph (24.1 km/h) at 10% grade  
40 mph (64.4 km/h) at 2.5% grade 




The North American Free Trade Agreement (NAFTA) recommended the acceleration 
performance for the heavy duty transportation vehicles with the Gross Vehicle Weight 
Rating (GVWR) cap of 80,000 lb [103]. Figure 7-2 depicts the typical acceleration time 
to the speed of 30, 40 and 50 mph based on the ratio of the drivetrain power to GVWR. 
 
Figure 7-2: Typical acceleration time vs power to weight ratio [103] 
In the heavy duty truck sector, the cost of vehicle, the cost of ownership and the fuel 
consumption cost are relatively more important factors than the dynamic performance 
from the consumer’s point of view. Also, since the research and development of hybrid 
drivetrain for the heavy duty trucks and tractor and semi-trailers is relatively new, there is 
not any performance standard that warranted at this time, also there is not any used 
performance constraint in literature. However, the acceleration performance of the 
vehicle is the main issue in the component sizing of a drivetrain, and therefore it should 
be considered in the optimization of component sizing of the proposed hybrid drivetrain. 
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Therefore, in this research the minimum performance requirements for the proposed 
hybrid drivetrain have been defined in accordance with the NAFTA and APTA 
documents. The considered requirements are listed in Table 7-3. 
 
Table 7-3: The minimum performance requirements 
Constraint Description 
Acceleration Time 0-80 km/h ≤ 60 sec  
Gradeability 25 km/h at 10% grade  
Maximum speed ≥ 110 km/h 
 
In order to calculate the required power of the drivetrain to meet the gradeability 
constraint, the total resistance power which corresponds to the grade should be calculated 
and then the required power of the drivetrain can be set equal to that, which means: 
 "# = /"#5 @(3 + @> + 12 r?s</(D)2 (7.6) 
where  "#, /"# and 5 are the minimum power demand to meet the gradeability 
requirement, the speed of the vehicle to pass the grade and the efficiency of the drivetrain 
from engine to the driven wheels, respectively. 
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The required power of the drivetrain to meet the maximum speed constraint is calculated 
as: 
 # = /&5 @> + 12 r?s</(D)2 (7.7) 
Based on the defined requirements in Table 7-3 and the calculated power requirements 
from Eq. (7.6) and (7.7) the upper bond and the lower bond of the scaling factors for the 
diesel engine, tractor’s electric motor, the trailer’s electric motor and the battery pack 
have been selected. These values have been tabulated in Table 7-4. 
 
Table 7-4: The range of the scaling factor for the optimization variables 
Factor Description of Factor Lower Bound Upper Bound 
 %" Diesel engine 0.7 1 
 %& Tractor’s electric motor 0.6 1 
 %&'  Trailer’s electric motor 0.8 1.2 




7.4.3. Drivetrain Components Cost 
The technologies and production methods of the hybrid drivetrain components are rapidly 
improving over years. As a result, the concrete cost estimation for these components is 
challenging. There were noteworthy studies on cost estimation of hybrid drivetrain 
components, such as the studies done by the Electric Power Research Institute (EPRI) 
[104, 105]. These studies were carried out in a partnership with all the major USA 
automobile manufacturers. The cost estimation includes the manufacturing materials and 
manufacturing volume considerations for a volume of 100,000 units per year. In this 
thesis, the EPRI reports, industry examples and the studies published in literature have 
been used to determine the costs of the hybrid drivetrain components. 
7.4.3.1. Diesel Engine 
The size of the typical diesel engines which are used for heavy duty truck applications are 
relatively larger than the passenger cars. In this thesis, the cost estimation for the heavy 
duty on-highway diesel engines has been evaluated using the industrial examples. For the 
purpose of cost estimation of the diesel engine considered in this thesis, the heavy duty 
engine series similar to the base engine has been considered, being the Caterpillar On-
Highway Diesel Engine with ACERT technology. Figure 7-3 depicts the price vs output 
power for Caterpillar C7, C9, C13, C15 and C18 where the Caterpillar C15 is the base 
engine used in the modeling chapter. According to Figure 7-3 the price of the diesel 
engine can be estimated by using following equation: 
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$" = 0.31	 ! − 44	 ! + 13000 (7.8) 
where $" and  ! are diesel engine cost in dollar and the peak power of the engine in 
kW. 
 
Figure 7-3: Price vs. Output power of Caterpillar On-Highway Diesel Engine with ACERT technology 
7.4.3.2. Electric Motor and Accessories 
The cost of the electric motor has been estimated using EPRI study [104]. This cost 
estimation formula is valid for a brushless permanent magnet motor with a manufacturing 
volume of 100,000 units per year and has been used for both tractor’s electric motor and 
trailer’s electric motor. The cost of the electric motor can be estimated by: 
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$& = 13.7	 $ + 190 (7.9) 
where $& and  $ are electric motor cost in dollar and the peak power of the electric 
motor in kW.  
The hybrid drivetrain needs power electronics to control the electric motors. For a typical 
pulse-width modulation (PWM) controller with thermal management system included, 
the cost of the power electronics, $&,, was estimated by EPRI to be: 
$&, = 8.075	 $ + 235 (7.10)
7.4.3.3. The Battery and Accessories 
The proposed hybrid drivetrain is equipped with Li-ion battery. The cost of the Li-ion 
battery has been estimated using reported formulation in [45]. The battery pack cost is 
comprised of the cost of the batteries, the hardware and mounting, and of the thermal 
management. This cost can be estimated by:  
$ = 651.2	 + 680 (7.11)
where $ and  are battery cost in dollars and the energy capacity of the battery 
pack in kWh. The cost of the battery accessories such as hardware, the tray, and the 
thermal management has been estimated using EPRI study [104]. This cost can be 
estimated using the following equation: 
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$, = 1.2	 + 680 (7.12)
7.4.3.4. Battery Replacement Cost 
The battery is the most expensive component of the hybrid drivetrain which has limited 
life time. Battery life time is a complicated function of charging and discharging cycles, 
depths of discharge, driving frequency, climate and battery type. The battery life time 
varies significantly between different battery pack designs. From literature review, the 
current estimation of the battery life of current Li-ion technology is 1200 charge and 
discharge cycles [106]. However, advanced Li-ion battery technologies have been shown 
to have the potential of 16,000 charge and discharge cycles [107].   
The cost of the battery replacement is one of the main concerns of the HEV consumers. 
Therefore in this thesis, one-time battery replacement cost has been included in the price 
of the proposed hybrid drivetrain to provide better estimation of the ownership cost of the 
hybrid drivetrain. The battery replacement cost is discounted with the economic present 
value equation: 
$, = $(1 + ) (7.13) 
where $, is the present value cost of battery replacement in dollars. The parameter 
i is the interest rate, assumed to be 7% to estimate inflation and parameter n is the number 
of years which is assumed to be 5 years. 
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7.4.3.5. Total Drivetrain Cost 
The total incremental cost for the proposed drivetrain can be calculated using: 
$, = $" +	$& +	$&, +	$&' + $&', + $
+ 	$, + 	$, (7.14)
where $, is the total cost of the drivetrain that is dependent on the design parameters. 
The combination of design parameters that produces the lowest total price while still 
meeting all the performance constraints is the optimum least cost design. 
7.4.4. Fuel Consumption 
The fuel consumption is highly important and crucial in transportation sector since the 
heavy duty vehicle can travel more than 100,000 km per year. One of the optimization 
objectives in this thesis is minimizing the fuel consumption of the proposed hybrid 
drivetrain. Technically, the fuel consumption in a city driving cycle is higher than a 
highway driving cycle and therefore the compound driving cycle is considered to 
calculate the fuel consumption of a vehicle. In this thesis to calculate the fuel 
consumption of the proposed hybrid drivetrain two city driving cycles, UDDS Truck and 
NYComp, and two high way driving cycles, HHDDT 65 and HHDDT Cruise, have been 
used. The optimization of the components sizing of the drivetrain has been performed for 
all four driving cycles. 
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7.5. RESULTS AND DISCUSSION 
The MOGA optimization is performed for four driving cycles and for tractor and semi-
trailer with full load (GVWR= 36,364 kg). The MOGA has been performed for 200 
generations, with population size of 300 individuals, crossover probability of pc = 0.8 and 
mutation probability of 0.1. The results of the optimization are given and described. 
In a multi-objective optimization with more than two objective functions, presentation of the 
results becomes challenging using two-dimensional plots. In order to present the pair-wise 
interaction among the solutions of three objectives, 6 scatter interaction plots are drawn as 
shown in Figure 7-4, Figure 7-5, Figure 7-6 and Figure 7-7 for UDDS Truck, NYComp, 
HHDDT 65 and HHDDT Cruise driving cycles, respectively. The pair-wise pareto-optimal 
front of two by two of the objective functions is shown by bold red dots in the figures. In all 
plots of mentioned figures, the diagonal sub-plots mark the axis for the corresponding off-
diagonal sub-plots. For instance, the subplot in position (3,1) has its horizontal axis marked 
with Drivetrain Price, and the vertical axis marked with Acceleration Time. The designer has 
the flexibility in viewing the plots and if he/she wants to see a plot with Drivetrain Price on 
the vertical axis, the sub-plot in position (1,3) shows the same plot as (3,1) with Drivetrain 
Price marked in the vertical axis. As a result, a plot in the position (i,j) is mirror of the plot in 
the position (j,i). According to Figure 7-4, Figure 7-5, Figure 7-6 and Figure 7-7, it is 
obvious that the results are spread over the pareto-optimal front due to the highly-complex 
and nonlinear behaviour of the hybrid drivetrain and interaction between the components. 
The trend of the results can be extracted from the pair-wise paret-optimal fronts. It can be 
stated that the two objectives of Drivetrain Price and Fuel Consumption are co-operative and 
increase in the price will lead to increase in fuel consumption. On the other hand, the two 
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objectives of Drivetrain Price and Acceleration Time are competitive where increase in the 
price of the drivetrain will reduce the acceleration time 0-80 km/h. The two objectives of 
Fuel Consumption and Acceleration Time show competitive behaviour. This means that 
increasing of the fuel consumption will be decreasing the acceleration time. 
  
 




Figure 7-5: Pair wise Pareto-optimal front: NY Composite Truck driving cycle 
The UUDDS Truck and NYComp driving cycles represent city driving cycles where 
vehicle will have lower speed with more stop and go. This type of driving condition will 
lead to increase of the fuel consumption which can be seen in Figure 7-4 and Figure 7-5. 
Whereas the HHDDT 65 and HHDD Cruise represent highway driving conditions with 
144 
 
less stops and higher speed. As can be seen form Figure 7-6 and Figure 7-7, in these two 
driving cycles the fuel consumption is relatively lower than the city driving cycles. 
 
 




Figure 7-7: Pair wise Pareto-optimal front: HHDDT Cruise driving cycle 
The 3D presentations of the pareto-optimal fronts for all four driving cycles are shown in 
Figure 7-8, Figure 7-9, Figure 7-10 and Figure 7-11. The spread of the optimal solutions 




Figure 7-8: 3D Pareto-optimal front: UDDS Truck driving cycle 
 




Figure 7-10: 3D Pareto-optimal front: HHDDT 65 driving cycle 
 




Figure 7-12: Scattered distribution of decision variables for UDDS Truck driving cycle 
 




Figure 7-14: Scattered distribution of decision variables for HHDDT 65 driving cycle 
 
Figure 7-15: Scattered distribution of decision variables for HHDDT Cruise driving cycle 
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The trade of solutions for UDDS Truck, NY Comp, HHDDT 65 and HHDDT Cruise 
driving cycles are tabulated in Appendix A. These tables include the value of the three 
objective functions for each corresponding set of decision variables. 
The scattered distribution of the design variables for each driving cycle is shown in 
Figure 7-12, Figure 7-13, Figure 7-14 and Figure 7-15. According to these figures, the 
optimum values of the design variables are distributed between the lower bound and 
upper bound. However, the pattern of the distribution can be extracted from the figures. 
The following results can be concluded: 
• Diesel engine size: The graphs show that the optimal values are distributed over 
the solution space, while many points lay on the lower bound line. 
• Tractor’s electric motor size: According to these figures, the size of the tractor’s 
electric motor tends toward the upper bound. As a result, using a larger electric 
motor for the tractor drivetrain can decrease the fuel consumption and drivetrain 
price, in general. 
• Trailer’s electric motor size: According to the figures, the scaling factor of the 
trailer’s electric motor slightly tends to the lower bound in the city driving cycles. 
However in highway driving cycles, the size of this motor slightly tends to the 
upper bound. 
• Battery size: The size of the battery pack is completely distributed over the 
solution space and it does not show any meaningful pattern. As a result the size of 
the battery pack should be selected according to the size of the electric motors of 


















In multi-objective optimization, when more than two objective functions exist, 
illustration of the optimization results becomes difficult. Therefore many different plots 
maybe needed to perfectly demonstrate the results.  One of the plots that can show the 
behavior of the problem is the plot of each objective function as a function of a pair of the 
decision variables. This graph will show how the objective function would change versus 
the pair-wise of decision variables. In this thesis, since there were 3 objective functions 
and 4 decision variables, 18 plots can be shown for each driving cycle. 
Figure 7-16, Figure 7-17 and Figure 7-18 show the mentioned plots for the UDDS Truck 
driving cycle. It can be seen that, the drivetrain price is decreasing as each set of the 
decision variables are decreasing. The fuel consumption is decreasing when the engine 
size decreasing. While it is increasing when the electric motor sizes are decreasing. Also, 
the acceleration time is decreasing when the engine size and the tractor electric motor 
size are increasing. However, the acceleration time is decreasing when the tractor electric 
motor and the battery size are increasing.  
The graphs of the objective functions versus the pair-wise of the decision variables for 
NYComposite truck, HHDDT 65 and HHDDT Cruise driving cycles are presented in 
Appendix B. 
7.6. COMPARISION AND ANALYSIS 
In this section, the performance of the base hybrid drivetrain, consisting of the base 
components as described in Chapter 3:, are compared with the optimized drivetrain for 
UDDS Truck, NYComp, HHDDT 65 and HHDDT Cruise driving cycles. For each 
driving cycle, the drivetrain price and fuel consumption of the base tractor and semi-
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trailer are compared with the solution having the minimum drivetrain price and the 
solution having minimum value of the fuel consumption, while the acceleration times for 
both non-optimized and optimized drivetrain are almost the same. Table 7-5 tabulated 
performance value of the base model and percent of change for the optimized drivetrain. 
It can be seen that, the drivetrain price and the fuel consumption of the optimized 
drivetrain have been decreased for all driving cycles. 
 











UDDS Truck - 27.2 % 
73129 
NYComp - 27 % 
HHDDT 65 - 26.3 % 




UDDS Truck - 5 % 43.65 
NYComp - 15.6 % 55.62 
HHDDT 65 - 4.4 % 41.74 
HHDDT Cruise - 3.8 % 30.23 
7.7. SUMMARY 
The hybrid electric drivetrain is a complex dynamic system where its efficiency is 
dependent on the proper selection of the components and their sizes. Multi-objective 
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optimization of the components sizing is the best method to select size range of each 
component, due to complexity of the drivetrain. Therefore in this chapter, the multi-
objective optimization of component sizing for the proposed hybrid drivetrain has been 
performed. The objective functions of this optimization were Drivetrain Price, Fuel 
Consumption and Acceleration Time 0-80km/h. These objectives represent both 
economical and performance measures of the vehicle in the optimization process. The 
MOGA has been utilized and optimization has been done for UDDS Truck, NYComp, 
HHDDT 65 and HHDDT Cruise driving cycles. These driving cycles represent both city 
and highway driving patterns. The results show that the Drivetrain Price and Fuel 
Consumption are co-operative objectives and Drivetrain Price and Acceleration Time are 
competitive. In addition the results confirm the level of the complexity of the problem. 
The result of the drivetrain with minimum fuel consumption and drivetrain with 
minimum price have been compared with the base hybrid model which shows significant 
improvement in both price and fuel efficiency.  
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Chapter 8: Computer Simulations and Analysis 
8.1. PREAMBLE 
The performance and the effectiveness of the proposed hybrid drivetrain for tractor and 
semi-trailer will be evaluated in this chapter using computer simulations. In Chapter 3: 
and Chapter 4:, the drivetrain has been modeled using data from the commercially 
available components and the model has been developed in SIMULINK® software. 
Then, the optimization of the component sizing has been performed in Chapter 7:. In this 
chapter, the hybrid drivetrain with minimum fuel consumption, based on the optimization 
result of the UDDS Truck driving cycles, has been selected for purpose of the 
simulations. In addition to minimum fuel consumption, the size of the drivetrain has been 
selected such that the acceleration time of the optimized selected drivetrain and the 
conventional diesel drivetrain would be similar. The simulation will be performed for 
four driving cycles. 
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8.2. SIMULATIONS RESULTS 
The performance of the proposed hybrid drivetrain has been evaluated using the 
computer model developed in SIMULINK®. The simulations have been performed for 
two city driving cycles, UDDS Truck and HHDDT Transient, and two highway driving 
cycles, HHDDT 65 and HHDDT High speed. In all the simulation the cumulative fuel 
consumption and battery SOC of the conventional hybrid drivetrain, as explained 
in Chapter 4:, have been shown for the sake of comparison. It should be mentioned that 
the conventional hybrid drivetrain is similar to the drivetrain reported in Ref. [61] which 
explained in Chapter 4:. 
The vehicle components sizing have been selected based on the drivetrain with minimum 
fuel consumption in UDDS Truck driving cycle optimization. Also it has been considered 
that the selected drivetrain has the same acceleration performance as the conventional 
diesel drivetrain for the sake of appropriate comparison. The UDDS Truck results 
selected, since this driving cycle consists of both low speed and high speed with moderate 
level of braking. The values of the selected scaling factors are tabulated in Table 8-1. 
 
Table 8-1: Scaling factors selected for components sizing 
Selected Scaling Factors Corresponding Objective Functions 
%"  %& %&'  % Price ($) FC (L/100km) Acc. Time (sec) 









Figure 8-2: UDDS Truck Simulation results, Tractor diesel engine torque, Tractor electric motor torque, Trailer 
electric motor torque and the Mechanical braking torque 
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First simulation is the UDDS Truck driving cycle and the results are shown in Figure 8-1 
and Figure 8-2. This driving cycle mimics a city driving pattern with frequent stops and 
go. Figure 8-1 shows that the developed PMS has successfully maintained the SOC of 
battery during the driving cycle. Also, the proposed drivetrain finished the driving cycle 
with higher SOC than the conventional hybrid drivetrain, since the trailer’s electric motor 
increases the regenerative braking capability of the drivetrain. On the other hand, the 
proposed drivetrain has consumed lower amount of fuel for the driving cycle. 
Consequently, the proposed drivetrain has higher efficiency than the conventional hybrid 
drivetrain. 
The second simulation is HHDDT Transient driving cycle, which mimics a city driving 
pattern. Figure 8-3 and Figure 8-4 depict the results of this simulation. According to 
Figure 8-3 the proposed hybrid drivetrain consumed lower amount of the fuel than the 
conventional hybrid drivetrain. Also, the proposed hybrid drivetrain had better 
regenerative braking performance and finished the driving cycle with higher amount of 
SOC, since the trailer’s electric motor can recapture the kinetic energy of the trailer.  
According to the diesel engine torque, shown in Figure 8-4, it can be seen that the engine 
ON/OFF controller has turned off the engine during the high deceleration when the 
vehicle speed is less than 50 km/h.  
The results of HHDDT High Speed, the third simulation, are shown in Figure 8-5 and 
Figure 8-6. This driving cycle is a highway driving cycle with high speed maneuver and 
less braking. Figure 8-5 shows that the consumed fuel by the proposed drivetrain is 
slightly lower than the conventional drivetrain; however the conventional drivetrain 









Figure 8-4: HHDDT Transient Simulation results, Tractor diesel engine torque, Tractor electric motor torque, 









Figure 8-6: HHDDT High Speed Simulation results, Tractor diesel engine torque, Tractor electric motor torque, 
Trailer electric motor torque and the Mechanical braking torque 
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Generally, it can be seen that the overall efficiency of the proposed drivetrain is slightly 
better than the conventional hybrid drivetrain. As a result, in highway driving pattern 
where the braking is less to happen, the proposed drivetrain will not show significant 
improvement in fuel efficiency. According to the engine speed graph, it can be seen that 
PMS has operated the diesel engine in its efficient range as described in section 6.4.1. 
The last simulation is the HHDDT 65 driving cycle which is the highway driving cycle as 
well. Figure 8-7and Figure 8-8 demonstrated the results of this simulation. Based on 
these results, the consumed fuel by the proposed drivetrain is slightly lower than the 
conventional hybrid drivetrain and also the final SOC is slightly higher. Same as the third 
simulation, the results of this simulation show that the proposed drivetrain has not shown 
significant improvement in fuel efficiency in highway driving pattern. 
In order to show that the PMS always managed the tension at the 5th wheel in a safe 
manner, the tension at 5th wheel versus of the acceleration of the vehicle for UDDS Truck 
driving cycle is plotted in Figure 8-9. It can be seen that, when the vehicle is accelerating, 
positive acceleration, the tension is always positive which means that the trailer was 
pulled by the tractor. Also, during the deceleration, negative acceleration, the tension at 
the 5th wheel is negative which means the trailer was pushed by the tractor.  
Based on the results of the simulation, one can say that the proposed drivetrain has better 
overall fuel efficiency, especially in city driving patterns with more braking occurrence. 
Also, the proposed drivetrain has better regenerative braking capability and much more of 
the kinetic energy of the vehicle has been recaptured during the driving cycle. The 










Figure 8-8: HHDDT 65 Simulation results, Tractor diesel engine torque, Tractor electric motor torque, Trailer 




Figure 8-9: The tension at the 5th wheel of the tractor versus the vehicle acceleration 
8.3. DISSCUSION OF REULTS 
For UDDS Truck, HHDDT Transient, HHDDT High Speed and HHDDT 65 driving 
cycles, the fuel consumption of the conventional diesel drivetrain, the conventional 
hybrid drivetrain and the optimized proposed drivetrain has been shown in Table 8-2. The 
fuel consumption of the conventional diesel has been gathered from Ref [61].  
As previously discussed, the proposed drivetrain has lower fuel consumption in any type 
of the driving cycles. According to the results, the fuel efficiency of the proposed 
drivetrain has better improved in city driving patterns rather than highway driving 
patterns. According to the results, in the HHDDT Transient driving cycles the fuel 
efficiency is more improved in comparison to UDDS truck. Since the HHDDT Transient 
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has significantly more stops and go than the UDDS Truck driving cycle. As a result, the 
proposed drivetrain is a proper choice for the heavy duty trucks with stop/go driving 
pattern like delivery trucks.  
 
Table 8-2: The fuel consumption of the conventional diesel drivetrain, conventional hybrid drivetrain and the 
optimized proposed drivetrain for UDDS Truck, HHDDT Transient, HHDDT High Speed and HHDDT 65 
driving cycles 













UDDS Truck 62.5 53.4 48.1 23 % 9.9 % 
HHDDT 
Transient 
70.3 60.7 46.1 34.3 % 24.1 % 
HHDDT High 
Speed 
44.9 44.2 43.1 4.2 % 2.7 % 
HHDDT 65 43.2 43 41.7 3.5 % 3 % 
Average Percentage of 
Difference 
16.3 % 9.9 % 
 
The combined Fuel Consumption (FC) for composite city/highway travel can show the 
overall improvement in the fuel efficiency of the drivetrain. The combined FC can be 
calculated using the following equation [31, 62]: 
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QCAv=G	 = 10.55QD	 +	 0.45ℎ@ℎ?	 (8.1) 
The combined FC has been calculated for the conventional diesel drivetrain, the 
conventional hybrid drivetrain and the optimized proposed drivetrain and the results are 
tabulated in Table 8-3. For the city FC, the average fuel consumption of UDDS Truck 
and HHDDT Transient driving cycles have been used. For the highway FC, the average 
fuel consumption of HHDDT High Speed and HHDDT 65 driving cycles have been 
considered. The result showed that the optimized proposed drivetrain has 16.8% better 
fuel efficiency from the conventional diesel drivetrain and 10.2% better fuel efficiency 
from the conventional hybrid drivetrain. 
 
Table 8-3: The combined fuel consumption of the conventional diesel drivetrain, conventional hybrid drivetrain 
and the optimized proposed drivetrain 
Driving Pattern 












City 66.4 57 47.1 29 % 17.3 % 
Highway 44 43.6 42.4 3.6 % 2.7 % 
Combined 54 50 44.9 16.8 % 10.2 % 
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8.4. ECONOMICAL ANALYSIS 
The economic analysis has been performed in this section. In this analysis, the ownership 
cost consists of fuel cost and drivetrain cost which has been considered for a period of 10 
years for the conventional diesel, conventional hybrid and optimized proposed hybrid 
drivetrain. It has been assumed that the tractor and semi-trailer will be driven 100,000 km 
per year. The cost of diesel fuel is a main factor in analysis of the ownership cost and 
accurate estimation of this factor is not easily possible in the next 10 years. In this thesis, 
the trend of the diesel fuel price in Ontario during the last 10 years has been used to 
estimate the price of the fuel in the next 10 years. The average diesel fuel cost in Ontario 
in the last 10 years has been shown in Figure 8-10 based on the data extracted from 
Ontario Ministry of Energy [108]. According to Figure 8-10 and by using linear 




Figure 8-10: The average Diesel fuel price in Ontario during 2004 to 2014  
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It should be mentioned that, although the price of the fuel will be varying over the time, 
but the average fuel price has been considered during 10 years period, since the change in 
the price of the fuel will have the exact same impact on the ownership cost of 
conventional diesel, conventional hybrid and optimized proposed hybrid drivetrain. The 
saving in the fuel cost has been calculated by considering the average inflation rate using 
the well-known “future value” formula: 
 = k(1 + c) (8.2) 
where  is the future dollar value in the year n, k represents the dollar value, n being 
year and IR is considered as the inflation rate. The inflation rate has been estimated using 
the average inflation rate in the last 10 years extracted from Ref [109] which would be 
1.75%. The details of the analysis have been given in Table 8-4. 
The drivetrain price for the conventional diesel, conventional hybrid and optimized 
proposed hybrid drivetrain have been calculated using Eq. (7.14). According to 
Table 8-4, the drivetrain cost of the proposed drivetrain is almost 103% more than the 
conventional diesel drivetrain. This means that the capital cost for the proposed drivetrain 
is more than double of the capital cost of the conventional drivetrain. In the calculation of 
the Drivetrain Price for the hybrid drivetrains, the cost of one time battery exchange has 
been considered. This means that the main maintenance cost of the hybrid drivetrain has 
been included in the drivetrain cost. It should be mentioned that the drivetrain cost of the 
proposed drivetrain is lower than the conventional drivetrain due to the performed 




Table 8-4: Economic Analysis for the conventional diesel drivetrain, conventional hybrid drivetrain and the 









Drivetrain Price ($) 31,287 71,587 63,538 
Combined FC (L/100 km) 54 50 44.9 
Annual Millage (km/yr) 100,000 100,000 100,000 
Fuel Price ($/L) 1.476 1.476 1.476 
Fuel Cost ($/yr) 79,704 73,800 66,272 
Fuel Saving ($/yr) 0 5,904 13,432 
Fuel Saving after 10 year with 
inflation rate 1.75% ($) 
0 64,647 174,072 
 
The ownership cost consists of the drivetrain price and the fuel cost. The ownership cost 
of conventional diesel, conventional hybrid and the optimized proposed hybrid in a 
period of 10 years is shown in Figure 8-11. As it can be seen, the final ownership cost of 
the optimized proposed hybrid drivetrain is significantly lower than the two other types of 
the drivetrains. For instant, the ownership cost of the proposed drivetrain is $102,065 
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Figure 8-11: The ownership cost of the tractor and semi-trailer in a period of 10 years 
In order to provide a better economic prospective, it has been assumed that the capital 
cost of the drivetrain is borrowed from a financial institution with the interest rate of 5% 
and amortization time of 10 years. The cost of a loan on the product is calculated through 
the capital recovery factor [110]: 
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$ = $ (1 + )(1 + ) − 1 (8.3) 
where $ is the yearly payment or capital recovery in dollar, $ is the principal amount 
in dollar,  is the yearly interest rate and  is the number of the yearly payment. 
 
 
Figure 8-12: The capital recovery of the drivetrain 
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Figure 8-12 depicts the capital recovery for the conventional diesel, the conventional 
hybrid and the optimized proposed hybrid drivetrain. The capital recovery consists of the 
remaining balance of the drivetrain loan, which is considered to be negative, and fuel 
saving value which is considered to be positive. According to Figure 8-12, the 
conventional diesel drivetrain loan will be paid over the 10 years and its capital recovery 
value is always negative. For the conventional hybrid drivetrain the capital recovery 
value became positive in 7th year since the fuel saving value accumulated and covers the 
loan remaining balance. In other words, the customer will make profit up to $60,000 in 
last 4 years of the amortization period by selecting the conventional hybrid drivetrain. 
However for the optimized proposed drivetrain, the capital recovery value became 
positive in 5th year. Therefore, the customer will make profit up to $140,000 in the last 5 
years by selecting the optimized proposed hybrid drivetrain. 
8.5. SUMMARY 
The proposed hybrid drivetrain with self-propelled trailer has superior potential to 
improve the overall efficiency of the drivetrain. The energy analysis in Chapter 5: 
quantitatively showed the potential of the proposed drivetrain in increasing the 
regenerative braking capability. Also, the performed multi-objective optimization 
in Chapter 7: enhanced the fuel efficiency of the proposed drivetrain in comparison with 
a conventional hybrid drivetrain which has been previously considered in literature such 
as Ref [61]. 
In this chapter, the performance and the effectiveness of the proposed hybrid drivetrain 
for tractor and semi-trailer have been evaluated using computer simulations for two city 
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driving cycles, UDDS Truck and HHDDT Transient, and two highway driving cycles, 
HHDDT 65 and HHDDT High speed. The simulation results approved that the fuel 
efficiency of the optimized proposed drivetrain has dramatically improved in comparison 
to the conventional diesel and conventional hybrid drivetrain. For instance, the combined 
fuel efficiency of the optimized proposed drivetrain is 16.8% better than the conventional 
diesel drivetrain and 10.2% better than the conventional hybrid drivetrain. 
In addition, the economic analysis performed to tangibly demonstrate the profit of 
investing in the proposed hybrid drivetrain. The analysis showed that the optimized 
proposed hybrid drivetrain can potentially have up to $140,000 saving over a 10 year 




Chapter 9: Conclusion and Recommendations 
9.1. CONCLUSION 
The hybrid electric drivetrain for medium duty vehicle has got noteworthy attention in the 
last decade from the truck manufacturers as well as universities and research laboratories. 
These drivetrains has been commercially implemented in city buses and mid-size delivery 
trucks. Hybridization of the heavy duty tractor and semi-trailers, which are classified as 
class 8 and up, is the latest research area in this field. The study and investigation of 
hybrid trucks in class 8 and up are not well-performed and therefore published literature 
and industrial examples are limited. In this thesis, a novel hybrid electric drivetrain 
architecture for tractor and semi-trailer has been introduced, studied, optimized and 
evaluated. In this novel configuration, the trailer is equipped with electric motor to 
provide traction in the trailer. While the tractor’s drivetrain consists of a diesel engine and 
an electric motor that are in parallel. This drivetrain architecture, which uses a self-
propelled trailer, provides more capabilities such as regenerative braking in the trailer 
which will improve the efficiency of the drivetrain. It should be mention that the 
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proposed drivetrain architecture can be used for all tractor and semi-trailer combinations 
in other classes by implementing the methodology of this thesis.  
In this thesis, in order to study the proposed hybrid drivetrain, a comprehensive model of 
the drivetrain has been developed. The components of the drivetrain such as the diesel 
engine, electric motors, transmission and the battery have been modeled using the 
commercially available products and the details of the mathematical modeling were 
described. The proposed hybrid drivetrain model has been developed in SIMULINK® 
software and it has been validated using the published data by components manufacturers 
or published results in the literature. 
The energy analysis has been done for regenerative braking capability of the proposed 
drivetrain and it has been proved that this novel drivetrain has the potential to improve in 
the efficiency of the system. 
The Power Management System (PMS) of the proposed hybrid drivetrain has been 
developed using Fuzzy Logic controller (FLC). The PMS consists of an upper layer 
control unit and two drivetrain controllers for the tractor and the trailer. The main goals 
of the PMS are firstly to improve the efficiency of the drivetrain by using the diesel 
engine on its optimum speed range and secondly to maximise the SOC of the battery or 
maintain it in the safe range. However since these two goals are not achievable together, 
hence the PMS will use a trade-off solution to distribute the power in the system by 
relying more on maximising of the SOC. 
The multi-objective optimization of the proposed hybrid drivetrain has been performed. 
The objectives of the optimization were to minimize the price of the drivetrain, the fuel 
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consumption and the acceleration time from 0 – 80 km/h. The Multi-Objective Genetic 
Algorithm has been utilized to solve the defined optimization problem. 
The performance and the efficiency of the optimized proposed hybrid drivetrain have 
been evaluated using computer simulations for different heavy duty driving cycles. The 
compound fuel consumption has been calculated using the simulation results and the 
economic analysis has been performed for a sample tractor and semi-trailer which is 
driven 100,000 km per year for a period of 10 years. The results of the economic analysis 
showed significant potential of the proposed drivetrain in saving of the ownership cost. 
Finally, following concluding remarks are drawn from this study: 
• The results of the energy analysis showed that in a driving cycle the trailer 
consumes 25% of the braking energy in average. This energy can be regenerated 
by using the proposed drivetrain which is one of the advantages of this system.  
• From the regenerative braking standpoint, the size of the trailer’s electric motor 
can be smaller than the tractor’s electric motor. 
• The optimization results showed that the Drivetrain Price and Fuel Consumption 
are co-operative objectives and Drivetrain Price and Acceleration Time are 
competitive. 
• The optimum size of the diesel engine is distributed over the solution space 
between the minimum and the maximum sizes and does not show a meaningful 
pattern. However many points lay on the lower bound line, but the optimum size 




• The optimum size of the tractor’s electric motor tends toward the upper bound. As 
a result, using a larger electric motor for the tractor’s drivetrain can decrease the 
fuel consumption and drivetrain price, in general. 
• The optimum size of the trailer’s electric motor slightly tends to the lower bound 
in the city driving cycles. However in highway driving cycles, the size of this 
motor slightly tends to the upper bound. 
• The optimum size of the battery is distributed over the solution space and it does 
not show any meaningful pattern. As a result, the size of the battery pack should 
be selected according to the size of the electric motors of the tractor and the 
trailer. 
• The optimization of the proposed hybrid drivetrain can decrease the drivetrain 
price by 27% in average, while the optimized drivetrain has the similar dynamic 
performance in terms of maximum speed, acceleration time and gradeability. 
• The optimization of the proposed hybrid drivetrain can decrease the fuel 
consumption by 7% in average, while the proposed drivetrain has the similar 
dynamic performance. The fuel consumption will dramatically be decreased in the 
driving cycles with more stop and go patterns.  
• The simulation results showed that the optimized proposed drivetrain has lower 
fuel consumption by 29% and 17% than the conventional diesel and conventional 
hybrid drivetrains, respectively in city driving patterns. 
• Also in highway driving patterns, the optimized proposed drivetrain has lower 
fuel consumption by 3.9% and 2.9% than the conventional diesel and 
conventional hybrid drivetrains, respectively. 
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• The combined fuel consumption of the optimized proposed drivetrain is 16.8% 
and 10.2% lower than the conventional diesel and conventional hybrid drivetrains, 
respectively. 
• The ownership cost of the optimized proposed drivetrain is $102,065 lower than 
the conventional diesel drivetrain and $83,325 lower than conventional hybrid 
drivetrain. 
• The capital recovery value for the optimized proposed drivetrain became positive 
after 5 years. Therefore, the customer will make profit up to $140,000 in the last 5 
years by selecting the optimized proposed hybrid drivetrain. 
9.2. RECOMANDATION FOR FUTURE WORKS 
In this thesis, the novel hybrid drivetrain architecture for tractor and semi-trailer has been 
proposed and analyzed. The result of this thesis can be used to design more efficient 
hybrid drivetrains for heavy-duty trucks. The proposed drivetrain has other advantages 
which need to be investigated. The future work in this area can be summarized in three 
categories of studying lateral dynamics, design advanced control systems and enhancing 
the multi-objective optimization as follow: 
• As previously stated, the proposed drivetrain has the potential to modify the 
lateral dynamic of the tractor and semi-trailer by applying torque vectoring in the 
trailer. Therefore studying and analyzing the lateral dynamic of tractor and semi-
trailer powered with the proposed drivetrain can be an interesting research work. 
• In order to study the lateral dynamic, architectures with more advances in the 
trailer drivetrain can be considered. As suggestion, the trailer’s drivetrain can be 
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powered with either limited slip differential or individual electric motors to be 
able to provide torque vectoring. These structures need to be studied individually. 
• Advanced tuning of the proposed PMS can be considered by optimizing the 
membership functions and fuzzy rules for specific driving cycles. 
• Advanced Power Management Systems can be designed for the proposed 
drivetrain using optimization based control theories. These controllers can 
improve the efficiency of the system by predicting the driver’s behaviour and 
vehicle path.  
• Optimization of the system can be performed using other multi-objective 
optimization theories and by comparison of the results the best optimized 
solutions can be found. 
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The trade-off solutions of the component sizing are tabulated in appendix A. The multi-
objective optimization was performed for UDDS Truck, NY Composite Truck, HHDDT 
65 and HHDDT Cruise driving cycles. The MOGA has been utilized for 200 generations, 
with population size of 300 individuals, crossover probability of pc = 0.8 and mutation 
probability of 0.1. It should be mentioned that UDDS Truck optimization has been 




 Table A-1: Trade-off solutions, UDDS Truck driving cycle 
# 
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1 53308.90 44.32 47.72 0.700 0.600 0.800 0.800 
2 80877.63 46.71 28.96 0.997 0.999 0.943 1.183 
3 69501.83 41.46 40.60 0.706 1.000 1.094 1.191 
4 64797.89 43.34 37.40 0.783 0.946 1.110 0.994 
5 62602.57 44.66 35.20 0.838 0.926 1.009 0.879 
6 72906.59 45.66 31.80 0.918 0.952 1.024 1.067 
7 54125.65 42.98 43.64 0.700 0.850 0.800 0.800 
8 65956.43 48.53 32.20 0.989 0.622 0.860 0.813 
9 53760.95 43.54 45.32 0.700 0.738 0.800 0.800 
10 70612.16 45.61 32.36 0.909 0.926 1.079 1.016 
11 72325.21 45.29 33.00 0.890 0.921 1.038 1.093 
12 53546.43 43.93 46.48 0.700 0.667 0.806 0.800 
13 66802.55 47.71 30.20 0.997 0.848 0.908 0.807 
14 57030.57 42.72 39.96 0.733 0.969 1.044 0.824 
15 65934.99 45.42 34.16 0.871 0.890 0.896 0.939 
16 63841.35 42.16 40.32 0.722 0.967 1.069 1.026 
17 55368.26 43.36 42.12 0.725 0.843 0.877 0.803 
18 68261.33 43.06 37.68 0.774 0.951 1.101 1.095 
19 78178.55 46.59 29.56 0.987 0.963 1.074 1.118 
20 53308.90 44.32 47.72 0.700 0.600 0.800 0.800 
21 79800.10 46.29 29.72 0.973 0.989 1.030 1.179 
22 81552.84 46.38 29.04 0.997 0.991 1.192 1.197 
23 62488.49 44.98 36.76 0.827 0.819 0.948 0.900 
24 66320.76 44.69 34.76 0.846 0.927 1.002 0.974 
25 61422.89 41.72 41.24 0.703 0.988 1.088 0.976 
26 58712.78 42.84 39.44 0.741 0.968 0.981 0.871 
24 76872.54 46.69 30.08 0.985 0.899 1.163 1.089 
25 63467.19 43.67 36.48 0.798 0.970 1.032 0.943 
26 53421.68 44.14 47.16 0.700 0.631 0.803 0.800 
27 75740.43 46.28 30.52 0.961 0.938 1.097 1.093 
28 69247.10 42.70 38.28 0.759 0.959 1.094 1.137 
29 60113.80 42.53 39.60 0.734 0.982 1.045 0.914 
30 57688.05 44.84 37.76 0.803 0.839 0.808 0.801 
31 67293.86 45.88 31.04 0.937 0.990 1.143 0.884 
32 54645.65 42.38 42.76 0.700 0.913 1.050 0.800 
33 53308.90 44.32 47.72 0.700 0.600 0.800 0.800 
34 80877.63 46.71 28.96 0.997 0.999 0.943 1.183 
35 69501.83 41.46 40.60 0.706 1.000 1.094 1.191 
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Table A-2: Trade-off Solution, NY Composite Truck driving cycle 
# 
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1 81091.16 57.70 28.92 1.00 1.00 1.02 1.19 
2 54774.34 48.42 43.08 0.71 0.86 0.86 0.81 
3 53601.88 49.38 46.44 0.70 0.66 0.83 0.80 
4 53724.47 49.16 45.84 0.70 0.70 0.83 0.80 
5 69584.42 46.94 40.88 0.70 1.00 1.00 1.20 
6 68057.20 47.10 41.04 0.70 0.99 0.99 1.16 
7 54076.67 48.62 44.32 0.70 0.79 0.86 0.80 
8 53512.19 49.53 46.80 0.70 0.64 0.81 0.80 
9 53700.00 49.35 46.16 0.70 0.68 0.83 0.80 
10 81899.70 57.63 28.92 1.00 1.00 1.06 1.20 
11 66453.63 58.83 29.96 1.00 0.88 0.83 0.80 
12 59413.41 49.21 38.80 0.75 0.99 1.00 0.88 
13 53861.42 49.04 45.16 0.70 0.74 0.80 0.80 
14 55111.59 48.33 43.24 0.70 0.86 0.87 0.82 
15 79867.05 57.18 29.40 0.98 1.00 1.00 1.17 
16 66652.74 58.66 30.20 0.99 0.87 0.88 0.81 
17 67566.99 51.19 36.28 0.80 0.97 0.93 1.06 
18 54048.11 48.72 44.40 0.70 0.79 0.84 0.80 
19 55466.08 48.95 41.72 0.72 0.88 0.91 0.81 
20 57365.61 51.98 39.32 0.79 0.77 0.87 0.81 
21 76707.25 56.55 30.56 0.96 0.96 0.86 1.13 
22 53550.83 49.47 46.72 0.70 0.65 0.83 0.80 
23 54825.39 48.35 42.88 0.71 0.88 0.86 0.81 
24 56998.48 48.59 40.20 0.73 0.98 0.89 0.84 
25 72807.22 55.48 31.36 0.93 0.98 0.91 1.05 
26 53764.78 49.11 45.56 0.70 0.72 0.81 0.80 
27 65358.92 47.62 40.52 0.71 0.99 0.97 1.07 
28 74913.24 53.49 32.92 0.88 0.98 0.99 1.17 
29 73808.62 52.19 34.72 0.83 0.98 0.98 1.19 
30 71001.55 50.47 36.60 0.79 0.98 1.00 1.16 
31 76263.55 57.72 29.16 0.99 0.99 0.99 1.06 
32 59579.97 48.15 40.32 0.72 0.99 0.97 0.91 
33 55734.64 49.83 41.52 0.74 0.82 0.85 0.81 
34 68444.63 58.30 29.20 1.00 0.99 0.89 0.84 




Table A-2 (Continued) 
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36 58438.51 47.71 42.04 0.70 0.94 0.96 0.90 
37 70431.86 56.98 30.40 0.96 0.96 0.96 0.94 
38 62880.52 50.04 37.48 0.77 0.99 0.99 0.95 
39 72665.32 52.08 35.32 0.83 0.94 0.98 1.17 
40 66168.95 52.81 34.56 0.84 0.97 0.93 0.97 
41 74027.48 52.10 34.08 0.84 1.00 1.06 1.18 
42 75790.90 55.72 31.24 0.93 0.96 0.96 1.13 
43 60717.73 49.63 38.60 0.76 0.97 0.97 0.91 
44 56496.84 48.04 42.32 0.70 0.92 0.91 0.85 
45 53923.51 48.86 44.84 0.70 0.76 0.82 0.80 
46 81900.69 57.63 28.92 1.00 1.00 1.06 1.20 
47 71300.00 53.24 33.44 0.87 0.98 0.91 1.08 
48 77030.49 57.68 29.12 0.99 0.99 0.99 1.08 
49 54896.72 48.51 42.60 0.71 0.88 0.81 0.81 
50 63388.26 50.81 37.04 0.79 0.96 0.99 0.95 
51 61135.03 54.71 34.24 0.87 0.88 0.86 0.80 
52 59066.60 51.51 37.56 0.79 0.90 0.87 0.84 
53 62241.52 49.93 37.92 0.77 0.98 0.97 0.94 
54 75389.79 57.22 29.72 0.98 0.98 0.98 1.06 
55 78225.16 56.85 29.76 0.97 0.99 1.02 1.14 
56 53823.06 49.06 45.52 0.70 0.72 0.85 0.80 
57 67141.20 58.14 29.68 0.99 0.95 0.89 0.82 
58 64517.43 57.76 31.52 0.96 0.82 0.84 0.80 
59 79513.48 57.33 29.52 0.98 0.98 1.00 1.16 
60 71956.21 52.25 35.04 0.83 0.96 0.88 1.15 
61 60105.71 47.68 41.48 0.71 0.96 0.93 0.94 
62 74441.15 53.33 33.20 0.87 0.98 0.87 1.17 
63 61519.12 50.37 37.32 0.78 0.99 0.95 0.91 
64 81207.27 57.54 29.04 0.99 1.00 1.00 1.19 
65 68629.79 51.58 35.36 0.81 1.00 0.98 1.07 
66 58826.44 51.85 36.28 0.81 0.96 0.95 0.81 
67 63239.99 52.29 36.08 0.82 0.92 0.94 0.93 
68 63813.16 54.53 33.32 0.89 0.92 0.95 0.86 
69 76590.27 56.58 30.08 0.96 0.99 1.00 1.11 
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71 72459.17 55.59 31.32 0.93 0.97 0.88 1.05 
72 57618.88 49.16 40.16 0.74 0.93 0.91 0.85 
73 54504.40 48.54 44.00 0.70 0.81 0.84 0.81 
74 60660.88 50.13 38.20 0.77 0.96 0.96 0.90 
75 58101.85 51.65 38.20 0.79 0.86 0.88 0.82 
76 63992.02 49.02 39.12 0.74 0.97 0.92 1.01 
77 73030.28 55.96 30.72 0.94 0.99 1.01 1.04 
78 75875.87 55.20 31.68 0.92 0.96 0.93 1.15 
79 71383.55 53.04 34.00 0.86 0.94 0.97 1.10 
80 78605.62 56.10 30.56 0.95 0.97 1.01 1.18 
81 57432.28 51.67 38.88 0.79 0.82 0.87 0.81 
82 78493.07 56.32 30.36 0.96 0.97 0.99 1.17 
83 71431.85 54.17 32.36 0.89 0.99 0.96 1.06 
84 65683.35 58.19 30.84 0.98 0.85 0.82 0.81 
85 64210.42 50.36 37.12 0.78 0.99 0.93 0.98 
86 62043.96 53.89 33.72 0.87 0.95 0.93 0.83 
87 73364.72 55.23 31.56 0.92 0.97 0.95 1.08 
88 56092.12 49.35 41.24 0.73 0.87 0.87 0.82 
89 57768.24 51.05 39.24 0.77 0.84 0.85 0.83 
90 57284.04 50.75 39.48 0.77 0.85 0.91 0.82 
91 59802.30 48.57 39.96 0.73 0.98 0.95 0.91 
92 67129.21 51.48 36.12 0.81 0.95 1.01 1.03 
93 65449.94 52.42 35.48 0.83 0.94 0.92 0.97 
94 54642.01 48.59 43.56 0.71 0.83 0.84 0.80 
95 66786.49 49.91 37.64 0.77 0.98 0.91 1.06 
96 61391.24 50.47 37.76 0.78 0.95 0.98 0.91 
97 59040.14 50.02 38.36 0.76 0.96 0.95 0.86 
98 73548.55 53.72 32.88 0.88 0.97 0.98 1.13 
99 71738.29 56.52 30.68 0.95 0.96 0.93 0.99 
100 80863.95 57.28 29.28 0.99 0.99 1.03 1.19 
101 56831.28 48.62 40.48 0.72 0.97 0.84 0.84 
102 54368.29 49.53 44.20 0.72 0.73 0.85 0.80 
103 65012.29 47.89 40.68 0.72 0.96 0.98 1.07 
104 60639.53 48.39 39.64 0.73 1.00 0.97 0.93 




 Table A-3: Trade-off Solution, HHDDT 65 Truck driving cycle 
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1 67180.85 44.11 30.60 1.00 0.80 0.81 0.83 
2 81339.19 43.68 28.92 1.00 0.99 0.90 1.20 
3 54834.91 40.60 42.76 0.70 0.89 0.86 0.81 
4 53940.40 41.66 46.56 0.70 0.65 0.80 0.81 
5 54279.63 41.30 45.12 0.70 0.74 0.83 0.81 
6 54457.02 41.05 44.40 0.70 0.79 0.86 0.81 
7 54536.56 40.95 43.92 0.70 0.81 0.85 0.81 
8 55427.96 40.41 41.96 0.70 0.95 0.87 0.82 
9 54498.95 41.02 44.16 0.70 0.80 0.85 0.81 
10 67810.08 40.04 41.60 0.70 0.94 1.17 1.15 
11 68694.73 39.91 41.12 0.70 0.97 1.19 1.17 
12 54441.94 41.12 44.52 0.70 0.77 0.86 0.81 
13 54087.98 41.52 45.96 0.70 0.68 0.83 0.81 
14 64298.92 40.68 39.16 0.75 0.95 1.14 1.02 
15 80496.17 43.20 28.96 1.00 0.99 1.13 1.16 
16 54295.58 41.22 44.84 0.70 0.75 0.81 0.81 
17 79344.94 43.07 29.36 0.98 1.00 1.14 1.15 
18 54234.69 41.45 45.56 0.70 0.70 0.85 0.81 
19 64671.58 41.04 37.24 0.79 0.94 1.17 0.99 
20 81694.48 43.09 28.96 1.00 0.99 1.18 1.20 
21 67690.36 43.91 30.24 0.99 0.86 0.85 0.83 
22 79922.43 43.08 29.12 0.99 0.99 1.17 1.15 
23 70623.02 41.42 33.96 0.85 1.00 1.18 1.08 
24 73687.38 42.38 31.40 0.92 1.00 1.19 1.08 
25 79038.29 42.90 30.20 0.96 0.97 1.17 1.17 
26 72342.41 42.81 31.08 0.94 0.97 1.05 1.03 
27 72011.99 43.28 29.28 1.00 0.97 1.10 0.93 
28 55167.51 40.56 42.16 0.71 0.92 0.95 0.81 
29 75307.04 42.38 31.52 0.91 0.99 1.14 1.13 
30 54075.92 41.51 46.04 0.70 0.68 0.83 0.81 
31 77125.17 43.04 30.04 0.96 0.99 1.08 1.12 
32 55530.05 40.29 41.52 0.70 0.98 0.87 0.82 
33 71130.31 41.85 32.92 0.88 0.98 1.17 1.05 
34 65168.52 41.27 35.08 0.83 0.99 1.19 0.96 
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36 74074.96 42.99028 30.68 0.97 0.90 1.18 1.04 
37 76619.13 42.63215 30.92 0.94 0.99 1.16 1.15 
38 65499.66 40.12272 40.68 0.71 0.98 1.15 1.08 
39 70158.89 40.50837 38.56 0.75 0.98 1.16 1.17 
40 61744.31 41.89272 35.2 0.83 0.95 1.02 0.86 
41 65729.56 41.64952 34.28 0.85 0.96 1.15 0.94 
42 67901.61 43.72881 29.88 0.99 0.92 0.90 0.84 
43 54307.09 41.19759 44.8 0.70 0.76 0.81 0.81 
44 66025.5 43.72765 31.72 0.97 0.75 0.94 0.83 
45 53940.4 41.65866 46.56 0.70 0.65 0.80 0.81 
46 79442.7 43.10036 29.2 0.99 0.98 1.16 1.15 
47 55875.5 41.12727 41 0.73 0.89 0.94 0.81 
48 61988.71 40.27727 40.48 0.72 0.98 1.17 0.97 
49 58564.29 42.29332 37.56 0.80 0.85 0.84 0.82 
50 58152.53 41.37866 38.24 0.77 0.95 1.00 0.83 
51 62810.76 40.19132 41.28 0.70 0.97 0.99 1.01 
52 59010.42 41.74311 37.68 0.79 0.92 0.95 0.84 
53 59593.59 41.68539 36.2 0.82 0.93 1.07 0.82 
54 74913.66 42.74295 30.76 0.94 0.99 1.11 1.09 
55 58129.72 40.49011 40.76 0.72 0.97 0.86 0.88 
56 73533.25 42.02679 32.36 0.89 0.99 1.14 1.11 
57 54934.9 40.49207 42.4 0.70 0.92 0.87 0.81 
58 76205.01 42.18855 32 0.90 0.99 1.13 1.18 
59 60000.54 40.54102 40.12 0.73 0.96 1.14 0.91 
60 60440.37 41.32361 36.84 0.80 0.95 1.12 0.86 
61 54027.47 41.57582 46.28 0.70 0.67 0.83 0.81 
62 61128.08 41.22764 37.4 0.78 0.95 1.12 0.89 
63 59860.63 42.12874 35.36 0.82 0.98 0.94 0.82 
64 70941.18 42.36014 32.04 0.90 0.98 1.05 1.03 
65 71644.89 41.76195 33 0.87 1.00 1.15 1.08 
66 69567.41 43.3203 30.08 0.99 0.89 1.11 0.88 
67 68686 41.06195 35.96 0.80 1.00 1.15 1.08 
68 54552.96 40.81977 43.6 0.70 0.84 0.80 0.81 
69 54818.37 40.799 43.08 0.71 0.86 0.86 0.81 
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71 63107.15 41.87448 35.32 0.84 0.90 1.06 0.89 
72 69829.32 42.08522 32.6 0.89 0.99 1.08 1.02 
73 64376.93 40.16377 41.72 0.70 0.94 1.14 1.05 
74 67609.58 42.97504 31.08 0.95 0.92 1.11 0.88 
75 68202.85 40.01623 41.56 0.70 0.94 1.18 1.17 
76 63246.35 42.21364 33.32 0.88 0.97 1.03 0.85 
77 54167.75 41.40866 45.68 0.70 0.71 0.84 0.81 
78 69674.66 41.67134 33.88 0.86 0.98 1.12 1.05 
79 74705.72 42.57263 30.96 0.93 0.99 1.18 1.09 
80 71402.97 40.92377 36.8 0.79 0.98 1.13 1.17 
81 66404.19 40.78818 37.52 0.77 0.99 1.17 1.04 
82 71993.97 42.72103 31.52 0.93 0.94 1.11 1.02 
83 67106.64 41.92986 33.52 0.87 0.97 1.09 0.97 
84 69224.27 42.7385 31.4 0.93 0.97 1.02 0.95 
85 78511.91 42.86548 30.28 0.96 0.97 1.17 1.16 
86 79158.17 43.02135 29.6 0.98 0.98 1.16 1.15 
87 56185.12 40.69713 41.4 0.72 0.91 1.12 0.82 
88 62587.98 40.87387 37.8 0.77 0.99 1.17 0.95 
89 60757.58 41.31936 37.92 0.78 0.93 1.07 0.89 
90 54708.63 40.75842 43.32 0.70 0.86 0.86 0.81 
91 68130.83 40.36627 39.48 0.73 0.97 1.17 1.13 
92 76644.75 42.89726 30.6 0.95 0.96 1.14 1.12 
93 60205.2 40.66482 40 0.74 0.94 1.16 0.91 
94 63958.93 42.49597 32.24 0.91 0.96 1.06 0.83 
95 75420.85 43.34577 29.04 1.00 0.99 1.06 1.03 
96 59329.22 41.58507 36.96 0.79 0.98 0.99 0.84 
97 68461.13 42.08795 32.8 0.89 0.95 1.15 0.98 
98 77329.78 43.21227 29.44 0.99 0.97 1.11 1.09 
99 72451.23 41.05831 35.6 0.81 0.98 1.17 1.17 
100 75806.97 43.08987 30.36 0.95 0.99 0.99 1.10 
101 55246.46 40.54184 42.16 0.71 0.92 1.02 0.81 
102 56589.82 40.59324 40.36 0.72 0.98 0.93 0.83 
103 68925.15 43.10627 30.44 0.97 0.94 1.10 0.89 
104 57854.08 42.12895 38 0.79 0.86 0.86 0.81 




Table 0A-4: Trade-off Solution, HHDDT Cruise Truck driving cycle 
# 
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1 79819.97 34.88 28.92 1.00 0.99 0.91 1.15 
2 53857.69 33.03 46.72 0.71 0.61 0.96 0.80 
3 54451.08 32.30 44.08 0.71 0.79 1.06 0.80 
4 54164.48 32.78 45.00 0.71 0.72 0.94 0.80 
5 53975.63 32.65 46.04 0.70 0.68 1.02 0.80 
6 80290.38 34.08 29.68 0.98 0.97 1.19 1.18 
7 67201.56 31.38 40.92 0.70 1.00 1.19 1.13 
8 53536.98 33.06 47.56 0.70 0.60 0.94 0.80 
9 57148.27 31.76 42.36 0.70 0.92 1.15 0.86 
10 53601.25 33.01 47.28 0.70 0.62 0.94 0.80 
11 55572.76 31.95 41.76 0.71 0.92 1.12 0.81 
12 73273.81 33.18 33.76 0.86 0.97 1.19 1.14 
13 71309.05 33.80 31.36 0.93 0.98 1.15 1.01 
14 53774.83 33.12 46.96 0.71 0.60 0.94 0.80 
15 66613.43 33.30 33.36 0.87 0.98 1.17 0.94 
16 79126.94 33.90 30.28 0.96 0.99 1.18 1.19 
17 58364.63 32.42 37.64 0.78 0.96 1.13 0.82 
18 65813.25 32.89 35.28 0.83 0.97 1.17 0.97 
19 81524.55 34.22 29.20 0.99 1.00 1.15 1.20 
20 54827.75 32.14 43.80 0.70 0.83 1.07 0.80 
21 73911.06 33.72 31.48 0.92 0.99 1.14 1.09 
22 78081.50 33.89 30.60 0.95 0.97 1.19 1.16 
23 73693.99 33.03 34.76 0.84 0.96 1.15 1.18 
24 53975.46 32.75 45.72 0.71 0.69 0.96 0.80 
25 57739.20 32.24 38.64 0.76 0.95 1.14 0.82 
26 67691.68 31.52 40.68 0.71 0.99 1.16 1.14 
27 54255.02 32.56 44.60 0.71 0.76 0.99 0.80 
28 60467.07 32.89 36.12 0.81 0.97 1.04 0.85 
29 54112.18 32.43 45.20 0.70 0.74 1.03 0.80 
30 76733.73 33.90 31.08 0.93 0.98 1.12 1.15 
31 80541.75 34.66 29.04 1.00 0.99 0.99 1.18 
32 67800.34 32.83 35.88 0.81 0.96 1.11 1.05 
33 77547.24 33.95 30.08 0.96 1.00 1.18 1.13 
34 74821.75 34.59 29.64 0.98 0.98 0.99 1.03 




 Table A-4 (Continued) 
# 
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36 60858.63 33.18605 35.68 0.82 0.95 0.97 0.85 
37 58489.19 31.58235 41.56 0.70 0.97 1.18 0.89 
38 70005.98 32.76903 35.52 0.82 0.97 1.18 1.10 
39 54053.27 32.76279 45.52 0.71 0.70 0.96 0.80 
40 66009.01 35.51198 31.76 1.00 0.65 0.81 0.80 
41 53857.71 32.60529 46.32 0.70 0.68 1.02 0.80 
42 66829.97 35.20984 30.08 1.00 0.85 0.85 0.81 
43 79622.87 34.85192 29.04 1.00 0.99 0.91 1.16 
44 54244.56 32.78528 44.8 0.71 0.72 0.94 0.80 
45 60780.73 32.62479 36.28 0.80 0.98 1.14 0.85 
46 76590.5 34.6253 29.36 0.99 0.96 1.01 1.07 
47 54420.49 32.60072 44.28 0.71 0.75 0.99 0.80 
48 72064.57 33.13701 34.12 0.85 0.97 1.16 1.12 
49 63202.55 34.38021 33.2 0.91 0.86 0.89 0.82 
50 75550.65 33.66392 31.44 0.92 0.99 1.18 1.13 
51 62753.92 32.28328 37.48 0.77 0.98 1.13 0.94 
52 73364.43 33.42575 33 0.88 0.96 1.16 1.12 
53 70297.67 32.48649 36.44 0.79 0.98 1.17 1.13 
54 75858.67 33.97873 30.36 0.96 0.97 1.17 1.09 
55 56177.69 33.09159 41 0.75 0.80 0.89 0.80 
56 61456.96 33.24191 34.48 0.85 0.96 1.12 0.83 
57 78758.36 34.1571 29.64 0.98 0.98 1.16 1.14 
58 64738.36 34.80732 32.4 0.94 0.79 0.88 0.82 
59 69542.98 32.28181 37.28 0.77 0.98 1.12 1.13 
60 74391.88 34.25344 29.72 0.99 0.95 1.14 1.01 
61 58688.54 32.29418 38.08 0.77 0.97 1.12 0.84 
62 70901.59 34.26738 30.68 0.95 0.95 1.06 0.97 
63 55160.55 32.14926 42.6 0.71 0.90 1.06 0.81 
64 66109.31 35.49604 31.64 1.00 0.65 0.82 0.81 
65 76972.52 34.1687 29.6 0.98 0.98 1.15 1.09 
66 81988.27 34.29413 28.96 1.00 1.00 1.14 1.20 
67 62209.99 31.64611 41 0.72 0.95 1.18 0.98 
68 67889.19 33.08962 34.68 0.84 0.96 1.15 1.01 
69 59696.42 32.38919 37.2 0.78 0.98 1.14 0.85 




 Table A-4 (Continued) 
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71 70541.19 33.45156 33.16 0.88 0.96 1.14 1.05 
72 67975.87 32.10993 37.96 0.76 0.98 1.14 1.10 
73 65322.78 35.07476 31.92 0.98 0.71 0.90 0.81 
74 54983.09 32.25506 43.32 0.71 0.84 1.04 0.80 
75 61537.25 34.00947 34.24 0.87 0.88 0.91 0.82 
76 63173.06 33.68856 33.56 0.89 0.90 1.11 0.84 
77 77427.82 33.90892 30.88 0.94 0.98 1.13 1.16 
78 63617.21 32.04009 39.08 0.75 0.96 1.14 1.00 
79 61076.61 32.09153 38.36 0.76 0.98 1.15 0.91 
80 69134.06 31.86988 38.44 0.75 0.99 1.19 1.14 
81 60306.3 31.80332 40.12 0.72 0.98 1.14 0.92 
82 68758.71 32.86639 35.2 0.82 0.98 1.15 1.06 
83 63546.98 33.99308 32.68 0.90 0.93 1.02 0.83 
84 57398.17 32.18179 39.64 0.74 0.95 1.10 0.83 
85 65125.22 33.01761 34.92 0.84 0.96 1.17 0.94 
86 57665.72 32.48907 38.64 0.77 0.93 1.06 0.82 
87 60458.78 33.33014 35 0.85 0.91 1.11 0.81 
88 71562.33 35.13389 29.44 1.00 0.95 0.83 0.94 
89 61880.87 34.18946 34.16 0.89 0.80 0.98 0.81 
90 58855.06 31.99966 40.32 0.73 0.94 1.12 0.88 
91 55343.92 32.5794 41.96 0.72 0.89 0.95 0.81 
92 64551.35 31.56762 41.24 0.71 0.97 1.16 1.05 
93 75178.16 34.13852 30.8 0.95 0.95 1.09 1.09 
94 62598.33 34.20621 33.96 0.89 0.83 0.95 0.83 
95 70952.55 34.46154 30.44 0.98 0.90 1.06 0.94 
96 66679.71 31.8214 39.44 0.74 0.97 1.16 1.09 
97 59850.93 31.84841 41.12 0.71 0.95 1.12 0.92 
98 58281.36 32.57904 38.56 0.77 0.90 1.08 0.82 
99 59182.34 32.72575 37.24 0.80 0.92 1.11 0.82 
100 68391.6 32.75223 35.56 0.81 0.98 1.15 1.06 
101 55237.59 32.06707 43.16 0.71 0.83 1.13 0.80 
102 76557.76 33.86556 31.2 0.93 0.98 1.12 1.15 
103 54954.94 32.15767 43.52 0.71 0.83 1.08 0.81 
104 78305.04 34.00943 29.88 0.97 0.99 1.18 1.14 





In Appendix B, the graphs of the objective functions versus the pair of the decision 







































Figure B-9: The Acceleration Time as a function of the pair-wise decision variables for HHDDT Cruise driving 
cycle 
